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CHAPTER  I 


INTRODUCTION 

Determining  maintenance  task  intervals  is  an  impor¬ 
tant  part  of  any  scheduled  maintenance  program.  Criteria 
for  determining  optimal  intervals  are  usually  based  on  an 
objective  function  designed  to  minimize  average  long-term 
(expected)  cost.  Cost  can  be  expressed  in  terms  of  dollars, 
availability,  or  readiness,  to  name  a  few.  This  study  will 
demonstrate  a  graphical  method  developed  by  Bo  Bergman  in 
1977  to  determine  an  optimal  maintenance  task  interval  for 
an  item  in  Air  Force  inventory. 

A  maintenance  task  is  categorized  into  one  of  three 
recognized  maintenance  processes:  hard  time  replacement, 
on-condition,  or  condition  monitoring. 

A  "hard  time"  maintenance  policy  consists  of  estab¬ 
lishing  interval  time  periods  of  constant  "T"  at  the  end  of 
which  a  unit  is  replaced,  regardless  of  condition,  as  a 
means  of  precluding  failure  (1:5;  26:A2-3). 

An  "on-condition"  maintenance  policy  consists  of 
establishing  interval  time  periods  to  inspect  a  unit  for 
measurable  wear  with  a  decision  to  replace  based  on  exceed¬ 
ing  set  limits  (1:6;  22:51). 

A  "condition  monitoring"  maintenance  policy  does 
not  require  maintenance  tasks.  Under  this  policy,  units 
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not  safety  or  economically  significant  are  permitted  to  fail 
and  are  replaced  when  discovered  (1:7;  22:66). 


Bergman's  method  will  be  used  in  this  study  to 
determine  an  optimal  task  interval  based  on  the  hard  time 
concept.  The  chief  advantages  of  Bergman's  method  are  that 
the  method  is  simple,  the  underlying  failure  distribution 
need  not  be  known,  and  the  method  can  be  used  to  analyze  any 
maintenance  item  for  which  failure  and  cost  data  are  avail¬ 
able. 

A  great  deal  of  theory  exists  on  the  subject  of 
optimal  maintenance  policies  (see  Chapter  II) .  This  study 
attempts  to  apply  some  of  that  theory  within  the  context  of 
an  existing  maintenance  program. 

Terminology 

Any  discussion  of  maintenance  task  interval  deter¬ 
mination  in  the  Air  Force  is  fundamentally  tied  to  Relia¬ 
bility-Centered  Maintenance  (RCM)  concepts.  Therefore,  the 
following  terms,  used  throughout  this  paper,  are  defined: 

Actuarial  Analysis:  "Statistical  analysis  of 
failure  data  to  determine  the  age-reliability  characteristics 
of  an  item  [22:453]." 

Age  Exploration:  "The  process  of  collecting  and 
analyzing  information  from  in-service  equipment  to  determine 
the  reliability  characteristics  of  each  item  under  actual 
operating  conditions  [22:453]." 
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Age  Replacement:  Replacement  of  a  unit  at  failure 
or  some  specified  age,  whichever  occurs  first  (25:139). 

Decision  Diagram:  "In  RCM  analysis,  a  graphic  dis¬ 
play  of  the  decision  process  in  which  the  answers  to  an 
ordered  sequence  of  yes/no  questions  lead  to  an  identifica¬ 
tion  of  the  appropriate  maintenance  action  for  an  item  with¬ 
out  regard  to  appropriate  level  [22:455]." 

Failure  Modes  and  Effects  Analysis  (FMEA) :  "An 
analysis,  initially  performed  by  the  equipment  (aircraft) 
manufacturer,  on  all  the  major  assemblies,  subsystems  and 
systems  to  demonstrate  how  the  equipment  will  perform  when 
various  items  fail  [22:80]." 

Failure  Cycle:  The  time  from  renewal  to  failure  of 

an  item. 

Item:  "Any  level  of  the  equipment  or  its  sets  of 

parts  isolated  as  an  entity  for  study  [22:459]." 

Reliability-Centered  Maintenance:  "A  logical 
discipline  for  developing  a  scheduled  maintenance  program 
that  will  realize  the  inherent  reliability  levels  of  complex 
equipment  at  minimum  cost  [22:463]." 

Renewal:  Restoring  an  item  to  a  "good-as-new" 
condition. 

Significant  Item:  "An  item  whose  functional 
failures  have  safety  or  significant  economic  consequences 
[22:464]."  The  term  "significant"  is  a  subjective  value 
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assignment  made  through  decision  processes  which  are  outside 
the  scope  of  this  study. 


Task  Interval:  "The  task  interval  assigned  in  a 
maintenance  program,  subject  to  adjustment  on  the  basis  of 
findings  from  actual  operating  experience  through  a  process 
called  age  exploration  [22:459]." 

AFLC :  Air  Force  Logistics  Command 

AFSC:  Air  Force  Systems  Command 

AGMC:  Aerospace  Guidance  and  Metrology  Center 

DOD:  Department  of  Defense 

MDS:  Mission-Design-Series 

WUC :  Work  Unit  Code 

Background 

Early  aircraft  were  primitive,  and  redundancy  was 
practically  absent  in  aircraft  design  due  to  weight  penalties. 
Consequently,  maintenance  programs  attempted  to  preclude  the 
failure  of  every  part.  The  idea  that  a  direct  relationship 
existed  between  reliability  and  safety  led  to  the  belief 
that  the  more  scheduled  maintenance,  the  more  reliable  the 
aircraft.  Thus,  "hard  time"  replacement  policy  drove  early 
maintenance  programs  (1:1-2).  Aircraft  components  were 
replaced  after  a  specified  time  which,  by  best  estimates, 
would  be  before  failure  (22:51,65,370). 

After  World  War  II,  advances  in  design,  materials 
and  manufacturing  of  aircraft  began  to  erode  traditional 
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beliefs  about  the  relationship  between  reliability  and 
safety.  The  airline  industry,  during  the  1950s,  introduced 
new  alternatives  to  "hard  time"  concepts.  Eventually  the 
process  of  inspecting  against  measurable  standards  became  a 
second  maintenance  process.  It  would  later  be  referred  to 
as  the  "on-condition"  process  (22:383?  1:2). 

During  the  1960s,  studies  conducted  by  the  airlines, 
technological  advances,  complexity  of  design,  and  the  need 
to  maintain  more  efficient  and  cost-effective  maintenance 
programs  eventually  led  to  the  recognition  that  certain 
items  do  not  benefit  from  scheduled  maintenance.  This  dis¬ 
covery  resulted  in  the  advent  of  a  third  maintenance  process 
called  "condition  monitoring."  Under  this  process,  items  are 
permitted  to  operate  until  failure.  Maintenance  tasks  do 
not  exist  under  this  process  (22:66;  1:7). 

The  introduction  of  the  Boeing  747  aircraft  with 
all  of  its  complexities  reinforced  the  need  for  new  approaches 
to  maintenance.  Major  airline  operators  and  Federal  Avia¬ 
tion  Agency  representatives  formed  a  maintenance  steering 
group  (MSG-1)  which  developed  a  decision  tree  technique  for 
determining  maintenance  requirements.  The  technique  was 
refined,  expanded,  and  published  in  a  universal  document 
called  Airline /Manufacturer  Maintenance  Program  Planning 
Document:  MSG-2  in  1970.  The  fundamental  concept  behind 
the  program  was  that  maintenance  actions  can  only  prevent 


deterioration  of  the  inherent  design  levels  of  equipment 
reliability  (1:10;  22:Preface). 

The  objective  of  MSG-2  was  to  outline  the  organiza¬ 
tion  and  decision  processes  for  determining  scheduled 
maintenance  requirements  for  new  aircraft.  In  other  words, 
the  MSG-2  document  would  facilitate  the  development  of 
initial  scheduled  maintenance  programs  (1:9). 

As  new  airline  programs  based  on  MSG-2  decision 
logic  began  to  grow,  the  Department  of  Defense  (DOD)  experi¬ 
mented  with  the  program,  beginning  with  the  Navy  P-3  air¬ 
craft.  Believing  that  benefits  could  be  derived  from  the 
MSG-2  program,  especially  in  terms  of  manhour  savings  and 
increased  equipment  availability,  the  DOD  between  1974  and 
1978  issued  several  directives  and  memorandums  to  implement 
the  "Reliability-Centered  Maintenance  Program  (RCMP) "  across 
all  services  (1:22-88). 

Initially,  the  program  did  not  address  the  problems 
of  establishing  task  intervals,  consolidating  tasks  into 
work  packages,  or  making  decisions  where  no  information  is 
available.  These  areas  were  addressed,  but  not  resolved, 
later  in  an  authoritative  text  by  Nowlan  and  Heap  entitled, 
Reliability-Centered  Maintenance  (22:Preface)  . 

Nowlan  and  Heap  wrote  their  text  (1978)  under 
contract  to  the  Office  of  Assistant  Secretary  of  Defense 
for  Manpower,  Reserve  Affairs  and  Logistics.  The  text  was 
intended  to  provide  the  necessary  information  to  understand, 
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develop  and  implement  RCM  programs  (22:DD  Form  1473).  In 
general,  RCM  implementation  for  a  given  aircraft  system 
consists  of  an  initial  failure  modes  and  effects  analysis 
(FMEA)  for  significant  items,  identification  of  tasks  via 
use  of  the  decision  logic  diagram,  and  determination  of 
task  intervals  (22:7). 

The  first  requirement  above  is  satisfied  initially 
by  the  builder  of  the  airframe  through  Government  contract. 
The  second  requirement  is  fulfilled  on  a  continuing  basis 
by  the  armed  services  (AFSC,  AFLC  in  the  Air  Force)  by 
modifying  task  requirements  based  on  engineering  analysis. 

The  third  requirement  is  discussed  by  Nowlan  and  Heap  under 
the  general  heading  of  age  exploration,  but  no  method  for 
determining  optimal  task  intervals  has  been  developed  and 
published  by  the  Air  Force.  Currently,  Air  Force  engineers 
are  using  the  Mean  Time  Between  Failure  (MTBF)  and  Incipiency 
methods.  The  MTBF  method  is 

.  .  .  based  on  a  70  to  90  percent  probability  of 
detecting  a  pending  failure.  This  is  equivalent  to 
inspection  at  10  to  30  percent  of  the  MTBF.  An 
alternative  method  called  the  Incipiency  Concept  holds 
that  the  inspection  interval  should  be  a  function  of 
the  time  between  first  discernible  degradation  in 
performance  and  loss  of  the  function  [28:12], 

There  are  also  two  computerized  programs  available  (dis¬ 
cussed  in  Chapter  II) ,  but  they  are  designed  primarily  as 
program  management  tools. 

The  Army  has  published  an  Appendix  C  to  DARCOM-P 
750-16,  DARCOM  Guide  to  Logistic  Support  Analysis, 
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which  defines  a  general  methodology  for  determining  main¬ 
tenance  task  intervals  based  on  replacement  cost,  safety 
and  readiness  criteria,  and  equipment  failure  rates.  The 
method  uses  age  exploration  and  seeks  to  minimize  cost,  but 
it  involves  subjective  trade-off  considerations  (33:C1-C44). 

Prick  and  Sasser  (1979)  investigated  a  method  to 
improve  the  preventive  maintenance  checks  and  services  pro¬ 
gram  for  the  M60A1  main  battle  tank.  In  the  study,  Frick 
and  Sasser  developed  a  questionnaire  sent  to  operating  units. 
Each  question  represented  a  variable,  such  as  technician 
skill  level,  which  was  analyzed  using  multiple  regression 
to  establish  correlations  between  type  and  time  interval 
estimates  for  individual  maintenance  tasks.  The  results 
were  subjected  to  network  analysis  to  produce  a  preventive 
maintenance  checks  and  services  schedule  (14:72-73).  The 
research  was  extremely  subjective  since  it  sought  opinions 
rather  than  substantive  data. 

Thus  far,  the  Air  Force  has  successfully  integrated 
the  majority,  but  not  all,  of  its  aircraft  inventory  into 
the  RCM  program  through  contract  with  the  airframe  builders. 
System  Managers  monitor  and  update  programs  using  the  deci¬ 
sion  logic  criteria  outlined  in  MIL-M-5096D  and  AFLCP  66-35. 
(A  proposed  AFSC/AFLC  combined  regulation  is  being  drafted 
which  will  greatly  expand  AFLCP  66-35.)  However,  maintenance 
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task  interval  determination  remains  an  area  without  a  proven 
applicable  analytical  technique. 

Although  RCM  is  a  DOD  program,  each  service  is  pur¬ 
suing  the  program  objectives  individually.  There  is  no 
apparent  consistency  of  effort.  The  major  problem  seems  to 
be  lack  of  guidance  from  DOD  which  can  best  be  characterized 
by  the  fact  that  DOD,  despite  its  emphasis  on  implementing 
the  RCMP  within  the  services,  has  yet  to  define  the  program 
(1:84-85) . 


Justification  for  Research 

The  Air  Force  recently  experienced  a  large  incidence 
of  failure  of  the  fifth  stage  compressor  disc  for  the  J-85 
engine  (20:3).  Attention  to  the  problem  was  brought  about 
by  an  aircraft  accident.  The  aircraft  accident  board 
attributed  the  accident  to  failure  of  the  disc  and  also  dis¬ 
covered  that  the  replacement  interval  for  the  disc  had  been 
changed  by  AFLC  from  the  3200  hours  recommended  by  General 
Electric  to  4000  hours.  The  disc  failed  less  than  100  hours 
from  replacement  and  resulted  in  the  loss  of  the  aircraft. 
Consequently,  the  replacement  interval  has  been  changed  to 
3600  hours  (20:1-3).  The  board  findings  illustrate  the  need 
to  develop  a  methodology  for  determining  optimal  maintenance 
intervals. 

An  excerpt  from  a  HQ  USAF  Reliability-Centered 
Maintenance  Program  Status  Report  dated  29  May  1981, 
identifies  an  Air  Force  Logistics  Management  Center  (AFLMC) 
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tasking  to  pursue  a  means  of  improving  the  analytical  process 
for  determining  scheduled  maintenance  task  intervals  during 
FY  82  and  the  outyears  (19:4). 

The  latest  effort  by  AFLMC  was  a  contract  study 
which  resulted  in  a  report  authored  by  Singpurwalla  and 
Talbott  and  published  in  January  1981.  The  report  reviewed 
key  ideas  in  the  area  of  preventive  maintenance  replacement 
policies,  and  concluded  that  sufficient  theory  exists  for 
practical  applications  (26 :A2-16 , 17) . 

There  is,  indeed,  much  theory  (see  Chapter  II)  con¬ 
cerning  optimal  maintenance  policies  used  to  determine  task 
intervals.  The  policies  are  typically  based  on  the  objective 
of  finding  the  interval  which  minimizes  cost.  Bergman's 
method,  the  subject  of  this  study,  also  seeks  to  minimize 
cost.  However,  as  these  methods  are  presented  in  theoretical 
form,  application  of  the  theory  needs  to  be  explored. 

The  MSG-2  maintenance  concept  did  not  address  the 
problem  of  establishing  task  intervals  (22 :Preface) .  Any 
maintenance  task  can  be  made  effective  in  terms  of  failure 
prevention  if  the  intervals  are  made  short  enough,  but  this 
ignores,  among  other  things,  the  opportunity  cost  of  being 
unable  to  operate  the  equipment  during  maintenance  (22:91,95). 

Nowlan  and  Heap  discuss  maintenance  task  interval 
determination  in  terms  of  age  exploration  and  actuarial 
analysis.  Basically,  intervals  are  established  at  an  age 
when  a  large  number  of  failures  begin  to  occur,  but  before 


10 


which  very  few  failures  occur  (22:390).  Approaching  the 
problem  of  cost-effectiveness,  they  employ  a  decision  logic 
technique.  Specifically,  they  recommend  at  least  four  pro¬ 
posed  intervals  be  examined  to  determine  whether  a  cost- 
effective  interval  does  exist,  based  on  the  most  favorable 
cost-benefit  ratio  (22:102). 

Their  approach  tends  to  euboptimize  the  last  of  the 
four  objectives  of  an  operator's  maintenance  program.  Those 
objectives  are 

-  To  ensure  realization  of  the  inherent  safety  and 
reliability  levels  of  the  equipment. 

-  To  restore  safety  and  reliability  to  their  inherent 
levels  when  deterioration  has  occurred. 

-  To  obtain  the  information  necessary  for  design 
improvement  of  those  items  whose  inherent  reliability 
proves  inadequate. 

-  To  accomplish  these  goals  at  a  minimum  total  cost, 
including  maintenance  costs  and  the  costs  of  residual 
failures  [22 :Preface] . 

Nowlan  and  Heap  do  not  approach  the  problem  of  determining 
"optimal"  intervals  by  balancing  the  cost  of  replacement  and 
the  cost  of  failure. 

Perhaps  a  key  word  is  "costs."  Concerted  efforts 
to  assess  benefits  derived  from  implementation  of  RCM  pro¬ 
grams  in  DOD  have  generated  controversy  because  of  the 
difficulty  in  delineating  cost-savings  directly  attributable 
to  RCM  and  in  quantifying  benefits  such  as  increased  equip¬ 
ment  availability  (1:68-69). 

An  unending  cycle  exists  in  which  appropriate  cost 
data  is  not  available  to  fully  test  new  methods  for  deter¬ 
mining  maintenance  task  intervals,  while  on  the  other  hand, 
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the  adoption  of  an  acceptable  methodology  might  warrant 
changes  in  data  systems  to  facilitate  collection  of  needed 
cost  information. 

Nevertheless,  a  need  exists  to  begin  bridging  the 
gap  between  theoretical  and  practical  application  of  method¬ 
ology  to  determine  maintenance  task  intervals. 

Problem  Statement 

DODD  4151.16,  AFR  66-14,  AFR  66-30,  AFLCP  66-35  and 
MIL-M-5096D  provide  definitions,  outline  responsibilities 
and  explain  the  use  of  reliability  data  as  applied  to  equip¬ 
ment  maintenance,  but  the  Air  Force  does  not  present  a 
standard  analytical  approach  for  determining  maintenance 
task  intervals  in  published  form. 

Research  Objective 

The  objective  of  this  study  is  to  demonstrate  the 
feasibility  of  applying  a  new  and  simple  graphical  method 
for  determining  optimal  maintenance  task  intervals  using 
actual  field  data  for  equipment  used  on  aircraft.  The  method 
is  based  on  a  control  strategy  which  balances  cost  of  replace 
ment  with  the  cost  of  failure  resulting  in  a  minimum  total 
long-run  average  cost  per  unit  time. 

Research  Question 

Can  Bergman's  graphical  method  be  applied  in  deter¬ 
mining  an  optimal  maintenance  task  interval  based  on  the 
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objective  of  minimizing  total  long-run  average  cost  per 
unit  time  using  actual  field  data? 

Since  the  research  question  involves  application  of 
actual  field  data  for  an  existing  item  in  Air  Force 
inventory,  two  questions  secondary  to  the  research  question 
are 

1.  How  does  the  calculated  optimal  interval  for 
the  units  tested  compare  with  the  current  interval  for  that 
item? 

2.  How  sensitive  is  the  calculated  optimal  interval 
to  the  uncertainty  of  cost? 

Scope  and  Limitations 

The  Reliability-Centered  Maintenance  Program  is  a 
DOD  program  and  applies  to  all  military  services.  There 
are  three  basic  steps  for  incorporating  a  major  equipment 
end  item  into  the  program:  (1)  a  failure  modes  and  effects 
analysis  (FMEA)  for  all  significant  items,  (2)  identifica¬ 
tion  of  maintenance  tasks  based  on  the  decision  logic,  and 
(3)  determination  of  maintenance  task  intervals.  This  study 
is  concerned  with  the  third  requirement  and  is  limited  to 
its  application  in  the  Air  Force,  though  results  could  be 
generalized  to  any  equipment  maintenance  program.  Bergman's 
graphical  technique  was  chosen  among  the  many  available 
theoretical  models  because  it  is  a  simple,  but  rigorous 
method . 
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The  units  selected  for  the  study  were  taken  from 
the  Air  Force  aircraft  inventory  of  equipment  primarily  to 
facilitate  data  collection. 

The  unit  selected  for  study  was  by  no  means  an  ideal 
one.  The  KT-73  Inertial  Measurement  Unit  (IMU)  is  used  on 
the  A7-D  and  AC-130A  aircraft.  This  study  collected  data 
for  only  those  units  installed  on  the  A7-D.  A  complete 
description  of  the  unit  is  contained  in  Appendix  A.  As  an 
electronic  component,  the  KT-73  IMU  currently  does  not  have 
a  maintenance  task  interval  assigned  to  it.  Like  other 
electronic  units,  the  KT-73  is  assumed  to  have  an  exponential 
failure  distribution  (16)  .  Thus,  the  item  is  maintained 
under  a  condition  monitoring  or  "f ly-to-f ailure"  policy.  A 
hard  time  replacement  policy  is  appropriate  for  those  items 
which  exhibit  wearout  characteristics  for  which  an  economic 
life-limit  can  be  identified.  A  unit  which  is  already  main¬ 
tained  under  a  hard  time  replacement  policy  would  better 
illustrate  the  application  of  Bergman's  graphical  method. 

Availability  of  failure  data  dictated  the  choice 
of  unit  for  study.  Bergman's  method  requires  the  use  of 
observational  data.  The  KT-73  is  repaired  by  the  Aerospace 
Guidance  and  Metrology  Center  (AGMC)  and  tracked  by  serial 
number  and  field  operating  hours  on  the  G078C  Maintenance 
Data  Collection  System.  Since  no  other  data  collection 
system  could  be  found  which  provided  the  same  type  of 
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nonaggregated  data,  the  C078C  was  the  logical  choice.  The 
KT-73  was  selected  among  other  IMUs  because  of  early  acquisi¬ 
tion. 

The  greatest  limitation  on  this  study  centers  around 
the  availability  of  appropriate  cost  data.  In' order  to  find 
an  optimal  replacement  interval  which  minimizes  cost,  the 
cost  to  replace  an  item  (scheduled  maintenance)  as  well  as 
the  cost  of  an  in-service  failure  (unscheduled  maintenance) 
must  be  known.  These  costs  are  actually  random  variables, 
not  constants.  Since  Bergman's  method  treats  these  costs 
as  constants,  an  expected  value  for  each  cost  will  be  used 
in  lieu  of  a  probability  distribution  description.  Further¬ 
more,  since  the  cost  data  covers  several  years,  it  is  assumed 
that  these  historical  costs  are  representative  of  actual 
costs. 

The  cost  of  in-service  failure  can  be  obtained  from 
data  collected  by  the  Resources  Division  at  AGMC  and  is 
expressed  in  terms  of  the  actual  dollar  amount  required  to 
repair  each  failed  unit.  Adding  to  this,  the  cost  of  trans¬ 
porting  units  to  and  from  depot  and  the  cost  of  labor  to 
trouble-shoot  failed  units  gives  the  total  cost  of  failure. 

Replacement  cost  is  the  cost  of  transporting  units 
to  and  from  depot  plus  the  cost  that  would  be  incurred  to 
renew  a  nonfailed  unit  which  is  removed  after  a  specified 
interval  of  time,  presumably  before  failure.  This  entails 
repair  or  replacement  of  unit  subcomponents  which  are 
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approaching  failure,  thus,  restoring  the  unit  to  a  "good-as- 
new"  condition  (renewal)  (24:53).  Since  the  KT-73  IMU  is  a 
hermetically-sealed  unit,  any  unit  received  by  AGMC,  whether 
failed  or  nonf ailed,  is  subjected  to  the  same  test  and  repair 
procedures  (Appendix  A  contains  a  checklist  used  for  testing 
units) (16) .  Consequently,  the  same  cost  is  incurred  to 
repair  a  nonf ailed  unit  as  a  failed  unit. 

The  difference  between  cost  of  replacement  and  cost 
of  failure  is  the  cost  of  trouble-shooting.  Other  costs 
which  could  be  considered  are  the  loss  of  equipment  avail¬ 
ability  or  readiness.  But  these  costs  are  much  too  difficult 
to  quantify. 

Actual  cost  to  repair  a  failed  unit  is  documented 
as  an  annual  average  for  each  fiscal  year.  Transportation 
costs  are  documented  quarterly  by  WUC  73FAO  in  the  K051 
system.  By  adding  the  repair  cost,  transportation  cost  and 
trouble-shooting  cost,  a  total  cost  of  in-seirvice  failure 
can  be  assigned  to  each  unit  in  the  sample.  The  range  of 
these  values  can  be  evaluated  for  parameters  and  used  for 
sensitivity  analysis  under  Bergman's  method.  A  limitation 
exists  in  that  individual  trouble-shooting  costs  cannot  be 
linked  to  individual  unit  failures  by  serial  number.  Cost 
data  provided  by  AGMC  and  the  K051  data  collection  system 
is  presented  in  aggregated  form  from  which  averages  (expected 
costs)  must  be  derived. 


L6 


It  should  be  noted  that  a  unit  might  have  failed  in 
a  quarter  previous  to  the  one  in  which  it  arrived  at  and 
was  repaired  by  AGMC.  In  cases  where  this  is  true,  the 
costs  of  transportation  and  trouble-shooting  for  a  unit  may 
be  included  in  a  different  quarter  than  the  quarter  in  which 
the  repair  cost  for  the  same  unit  is  recorded.  However, 
since  expected  per  unit  costs  in  this  study  are  computed 
based  on  annual  averages,  the  problem  is  limited  to  when  the 
discrepancy  occurs  between  the  last  quarter  of  a  given  year 
and  the  first  quarter  of  the  following  year.  Hence,  the 
use  of  annual  averages  tends  to  smooth  or  reduce  the  scope 
of  the  mismatch  problem. 

Since  in-service  failure  of  the  KT-73  will  not 
cause  a  mission  abort  or  damage  to  other  components  in  the 
system,  an  attempt  will  not  be  made  here  to  quantify  the 
effects  of  aircraft  Not-Mission-Capable  (NMC)  time  generated 
by  failure  of  the  KT-73  unit.  This  kind  of  opportunity  cost 
(the  cost  of  being  unable  to  operate  the  aircraft)  is  con¬ 
tingent  on  too  many  variables  to  attempt  an  adequate  measure. 
To  illustrate  this  difficulty,  a  Government  Accounting 
Office  (GAO)  study  in  November  1976,  an  Air  Force  Audit 
Agency  (AFAA)  audit  in  April  1977,  and  an  Air  Force  study 
in  November  1977  sought  to  measure  benefits  derived  from 
RCM  using  the  same  kind  of  variables.  General  comments 
from  these  reports  concluded  that  "...  RCM  appeared  to 
have  had  an  effect  that  could  not  be  quantified  [1:68]." 
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The  validity  of  the  findings  of  this  study  is 
dependent  on  the  accuracy  of  the  data  contained  in  the 
G078C  and  K051  systems.  Inaccuracies  in  the  data  are 
probably  the  most  often  cited  shortcoming  of  the  entire 
range  of  maintenance  data  collection  systems  (3:12). 
Badalamente  and  Clark  (1978)  discuss  these  and  other  prob¬ 
lems  in  their  technical  report.  The  advantage  in  using  data 
collected  from  the  G078C  is  that  operating  hours  are  tracked 
by  a  mechanical  time  indicator  as  opposed  to  being  tracked 
by  manual  observation. 


Methodology 

The  objective  of  this  study  is  to  demonstrate  the 
application  of  Bergman's  graphical  method  for  determining 
optimal  maintenance  task  intervals.  To  accomplish  this, 
field  data  for  the  KT-73  Inertial  Measurement  Unit  represent¬ 
ing  operating  time  to  failure,  replacement  cost,  and  cost 
of  in-service  failure  will  be  collected  from  the  G078C  and 
K051  Maintenance  Data  Collection  Systems.  The  failure  data 
will  be  scaled  and  used  to  construct  a  Total  Time  on  Test 
(TTT) -plot  representing  a  transform  of  the  empirical  failure 
distribution  for  the  unit.  The  cost  data  will  be  scaled  and 
used  to  plot  a  point,  which  represents  the  cost  of  replace¬ 
ment,  through  which  a  line  can  be  drawn  tangent  to  the 
TTT-plot .  The  abscissa  of  the  tangent  point  denotes  the 
index  for  the  optimal  replacement  interval. 


The  function  that  Bergman's  method  performs  is  to 
minimize  total  long-run  average  cost  per  unit  time,  C(T), 
by  maximizing  the  reciprocal  of  the  objective  function, 

[cmr1. 

The  calculated  interval  can  be  compared  to  the 
existing  interval,  which  is  infinite  (f ly-to-failure) ,  and 
a  sensitivity  analysis  performed  using  a  range  of  values 
for  cost  of  replacement  to  observe  their  effect  on  changes 
in  the  optimal  interval. 


same  way.  Essentially,  the  effect  which  the  unit  has  on 
aircraft  status  in  the  Mission  Essential  Subsystems  List 
(MESL)  is  the  same.  For  example,  if  the  anti-skid  system  on 
a  T-39  aircraft  is  not  operational,  all  units  would  record 
the  aircraft  status  as  Partial-Mission-Capable  (PMC) .  This 
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CHAPTER  II 


LITERATURE  REVIEW 

Introduction 

For  over  two  decades,  there  has  been  a  large  and 
continuing  interest  in  the  field  of  reliability  and 
maintainability  concerning  maintenance  models  for 
items  with  stochastic  failures.  This  interest  has  its 
roots  in  many  military  and  industrial  applications 
[23:353]. 

As  Pierskalla  and  Voelker  point  out  in  their  survey 
paper,  there  are  a  number  of  maintenance  models.  This  review 
is  concerned  with  those  models  which  pertain  to  the  main¬ 
tenance  of  simple  (i.e.,  single  component)  equipment  and 
which  involve  an  optimal  decision  to  replace  a  unit  in 
service  (scheduled,  hard  time  maintenance) .  These  types  of 
maintenance  policies  are  known  as  "Replacement  Policies"  and 
involve  the  single  uncertainty  of  when  a  failure  will  occur 
(26 :A2-1) . 

The  maintenance  models  presented  here  address 
objective  of  minimizing  total  cost  or  maximizing  availability. 
In  addition  to  the  optimal  concepts  presented,  the  U.S.  Army's 
use  of  age  exploration  (in  determining  hard  time  replacement 
intervals)  as  well  as  two  computer-assisted  maintenance  pro¬ 
grams  are  discussed.  The  literature  has  been  divided  into 
the  three  sections  indicated  in  Figure  2-1. 
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I.  Optimal  Replacement  Policies 

A.  Age  replacement 

B.  Block  replacement 

C.  Periodic  replacement  with  minimum  repair  at  failure 

D.  Sequential  replacement  over  a  finite  time  span 

E.  Optimal  replacement  under  damage  accumulation  model 

II.  Age  Exploration 

III.  Computer  Assisted  Maintenance  Programs 
Fig.  2-1.  Summary  of  Preventive  Maintenance  Literature 

Discussion 

Optimal  Replacement  Policies 

This  section  considers  policies  pertaining  to 
scheduled  maintenance  actions  on  a  hard  time  replacement 
basis  so  as  to  preclude  failure  during  operation.  These 
policies  specify  a  replacement  interval,  T,  which  minimizes 
total  long-run  average  cost  per  unit  of  time,  C(T). 

Age  Replacement.  In  general,  an  age  replacement 
policy  is  in  effect  when  a  part  is  replaced  at  failure  or  at 
some  specified  age,  whichever  occurs  first  (6:85;  18:213; 
7:751).  This  policy  makes  intuitive  sense  only  if  the  cost 
of  replacement  is  less  than  the  cost  of  an  in-service  failure 
and  only  if  all  costs  are  nonnegative  (6:85;  18:213;  7:751). 

According  to  Barlow  and  Proschan,  the  specified 
decision  variable,  age  of  replacement  (i.e.,  T) ,  can  be  ran¬ 
dom  (for  a  finite  time  span)  or  fixed  (for  an  infinite  time 
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span)  (6:72,86).  Most  of  the  age  replacement  literature  is 
for  an  infinite  time  span,  whereby,  the  underlying  failure 
distribution  is  assumed  to  be  known  and  continuous,  the 
optimum  age  replacement  interval  is  a  constant,  a  replacement 
restores  the  system  to  a  good-as-new  condition,  and  the 
restoration  process  goes  on  indefinitely  (6:86). 

Ingram  and  Scheaffer  assert  that  if  the  underlying 
failure  distribution  is  completely  known,  then  finding  the 
optimum  replacement  interval  is  simply  an  analysis  problem 
(18:213).  However,  if  the  underlying  distribution  is  not 
completely  known,  they  show  that  an  estimate  of  the  optimum 
interval,  T,  can  be  found  by  minimizing  a  consistent  estimator 
Cn(T),  of  the  objective  function  C(T).  The  consistent  estima¬ 
tor,  Cn(T) ,  assumes  a  form  or  property  of  the  failure  distribu 
tion.  They  treat  four  cases:  (1)  a  Weibull  distribution  with 
unknown  scale  parameter,  (2)  a  gamma  distribution  with  unknown 
scale  parameter,  (3)  an  empirical  distribution,  and  (4)  a 
distribution  specified  only  as  having  an  increasing  failure 
rate  (18:213).  They  conclude  that  the  empirical  estimator  of 
the  optimum  replacement  interval  is  close  to  the  estimators 
of  the  cases  in  which  the  distribution  is  known  (18:219). 

Berg  notes  that  previous  authors  have  assumed  that 
an  age  replacement  policy  is  appropi .  :te  for  a  replacement 
scenario.  In  his  paper  (7:751-759),  he  proves  that  an  age 
replacement  policy  is  the  optimal  procedure  among  a  range  of 
replacement  policies  for  which  a  replacement  time  can  be 
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well-defined  (7:752).  He  accomplishes  this  by  showing  that 
the  expected  long-run  cost  per  unit  time  for  an  optimal  age 
replacement  policy  is  less  than  or  equal  to  the  expected  cost 
associated  with  other  common  replacement  policies  (7:758). 

Scheaffer  introduces  an  optimal  age  replacement 
policy  with  an  increasing  cost  factor  for  an  infinite  time 
horizon.  Specifically,  he  addresses  the  exponential  life 
distribution  with  an  exponential  cost  factor  (25:142),  i.e., 
the  cost  of  replacing  a  unit  increases  with  age.  For  example, 
the  trade-in  value  of  a  rubber  tire  may  decrease  with  wear. 
This  has  the  effect  of  increasing  the  cost  of  replacement 
with  age.  Using  numerical  illustrations,  he  shows  that  when 
the  objective  function  includes  an  increasing  cost  factor, 
the  optimum  replacement  interval  yields  a  smaller  average 
cost  per  unit  time  than  the  interval  found  under  a  replace¬ 
ment  policy  whose  objective  function  does  not  include  an 
increasing  cost  factor  (25:144). 

According  to  Glasser,  the  analytical  solution  for 
finding  the  optimal  age  replacement  interval  is  generally 
known  (15:83).  In  his  paper,  he  asserts  that  the  optimal 
interval  depends  upon:  (1)  the  ratio  of  cost  of  failure  to 
cost  of  replacement,  and  (2)  the  average  service  life  in 
standard  deviation  units  (15:86).  For  the  truncated  normal, 
the  gamma  and  the  Weibull  distributions,  he  charts  cost  ratio 
versus  service  life  for  each  case  to  obtain  a  graphical 
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means  for  locating  the  optimal  replacement  interval  based 
on  changing  values  for  the  two  variables  (15:87-89). 

Fox  considers  a  discounted  cost  criterion  when 
determining  an  optimal  age  for  replacement.  Assuming  a 
continuous  IFR  failure  distribution,  he  shows  that  for  each 
stage  (replacement  to  replacement)  on  an  infinite  time 
span,  there  is  an  optimal  replacement  interval  which  mini¬ 
mizes  loss  (12:534).  For  example,  if  a  replacement  interval 
is  fixed  at  age  T  and  a  failure  occurs  before  age  T,  then  a 
loss  is  incurred.  Fox  seeks  to  find  an  optimal  interval 
which  minimizes  this  loss  (12:534-535). 

Block  Replacement.  Barlow  and  Proschan  define  a 
block  replacement  policy  as  one  in  which  an  item  is  replaced 
at  equal  time  intervals  independent  of  age  and  at  failure 
(6:67).  This  policy  has  the  practical  advantage  of  not 
having  to  maintain  records  of  failure  times  or  age.  When 
compared  to  an  age  replacement  policy,  block  replacement 
results  in  a  greater  number  of  total  removals.  However,  the 
expected  number  of  failures  is  fewer  under  block  replacement, 
provided  failure  increases  with  age  (6:67).  The  objective 
is  to  minimize  average  cost  per  unit  of  time. 

Berg  and  Epstein  acknowledge  that  block  replacement 
policies  (BRPs)  result  in  the  replacement  of  fairly  new 
items.  Some  modifications  to  the  BRP  have  been  made  to  avoid 
this  drawback.  One  model  allows  minimal  repair  of  a  failed 
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item  which  is  equivalent  to  replacing  the  item  with  a  working 
one  of  the  same  age  (8:15).  Another  model  permits  a  failed 
item  to  remain  idle  until  scheduled  block  replacement  occurs 
(8:16).  They  propose  a  third  model  called  a  Modified  BRP. 

In  Berg  and  Epstein's  Modified  BRP,  failed  items  are 
still  replaced  immediately,  but  items  of  age  "b"  or  less  are 
permitted  to  remain  in  service  when  a  scheduled  block  replace 
ment  point  arrives.  Within  the  interval  (0,t)  ,  there  is  an 
age  b  such  that  0<b<t.  The  objective  function,  C(b,t)-is 
then  minimized  for  values  of  b  and  t  (8:16-17). 

Singpurwalla  and  Talbott  point  out  that,  although 
the  problem  of  replacing  relatively  new  items  is  overcome, 
an  additional  problem  is  created  by  requiring  knowledge  of 
an  item's  age  (26:A2-13). 


Periodic  Replacement  with  Minimum  Repair  at  Failure. 


Barlow  and  Hunter  developed  Policy  II,  a  variation  of  the 
block  replacement  concept.  Under  this  policy,  system  replace 
ment  occurs  at  a  fixed  time,  regardless  of  the  number  of 
previous  failures.  For  failures  which  occur  prior  to 
planned  replacement,  only  minimal  repairs  are  made  so  that 


the  system  failure  rate  is  unchanged  (5:92).  "This  repair 


action  is  mathematically  equivalent  to  replacing  the  failed 
item  by  another  working  item  of  the  same  age  [8:15]."  Under 
this  policy,  complex  systems  appear  to  be  single  units  aging 


Sequential  Replacement  Over  a  Finite  Time  Span.  In 
a  sequential  replacement  policy  where  an  item  has  a  finite 
life,  replacements  are  scheduled  only  for  the  next  interval 
such  that  the  next  planned  replacement  time  is  found  which 
minimizes  expected  cost  over  the  remaining  life  of  the  system 
(6:98).  Hence,  a  new  optimal  replacement  time  is  computed 
after  each  replacement  rather  than  at  fixed  time  intervals. 
Barlow  and  Proschan  compared  the  results  of  a  sequential 
policy  versus  an  age  replacement  policy  and  found  that  the 
difference  was  quite  small  (about  one  percent  of  expected 
cost)  (6:105).  Their  work  was  reviewed  by  Singpurwalla  and 
Talbott  who  stated,  "Only  in  cases  of  very  high  maintenance 
costs  should  sequential  replacement  policies  be  considered 
[26 :A2-15] ." 

Optimal  Replacement  Under  Damage  Accumulation  Model. 
Taylor  presents  an  optimal  replacement  policy  based  on 
additive  damage  which  seeks  to  balance  the  cost  of  replace¬ 
ment  with  the  cost  of  failure,  and  which  results  in  minimum 
total  long-run  average  cost  per  unit  time  (29:1).  The  damage 
accumulation  model  uses  a  shock  failure  model  in  which  shocks 
to  the  system  occur  in  a  Poisson  fashion  and  accumulate 
additively.  The  total  accumulated  damage  dictates  the 
probability  of  system  failure  (29:4).  Assuming  that  the 
accumulated  damage  can  be  continually  observed  by  a  controller, 
a  decision  to  replace  can  be  made  based  on  the  current 
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value  of  total  damage  (29:2).  Taylor  shows  that  an  optimal 
policy  exists  which  enables  the  controller  to  replace  the 
system  upon  reaching  a  critical  damage  threshold.  Replace¬ 
ment  also  occurs  upon  failure,  regardless  of  the  amount  of 
damage,  and  a  penalty  cost  is  incurred  (29:5). 

Singpurwalla  and  Talbott  conclude  that  models  of 
this  type  have  limited  usefulness  because  they  are  highly 
structured  and  require  a  great  deal  of  user  information 
(26-.A2-15)  . 

Age  Exploration 

Nowlan  and  Heap's  concept  of  age  exploration  (dis¬ 
cussed  in  Chapter  I)  considers  cost  measurement  subjectively 
without  giving  a  truly  optimal  method  for  determining  main¬ 
tenance  task  intervals.  Although  the  U.S.  Army  uses  this 
concept  for  determining  hard  time  replacement  intervals, 
the  procedure  below  must  be  considered  outside  the  context  of 
"optimal"  age  replacement  policies. 

Essentially,  the  Army  establishes  two  types  of  hard 
time  limits:  safety  and  readiness.  In  each  case,  a  cumula¬ 
tive  failure  distribution  is  first  established  (or  assumed) 
for  the  item  under  study.  For  safety  limits,  replacement 
intervals  are  established  based  on  extremely  low  probabilitie 
of  failure.  Readiness  hard  time  intervals  are  established 
for  items  which  affect  mission  success.  The  readiness 
interval  is  identified  through  a  trade-off  process  involving 

the  cost  of  replacement,  the  cost  of  failure  and  the 
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readiness  requirement  of  the  equipment  under  consideration 
(33:C6-C19).  Although  an  objective  function  is  formulated, 
the  trade-off  process  actually  represents  a  "search"  process 
for  an  acceptable,  rather  than  an  optimal,  solution. 

Computer-Assisted  Maintenance  Programs 

The  Computer  Monitored  Inspection  Program  (CMIP! 
developed  by  Lockheed,  and  the  Vought  RCM  Update  System 
developed  by  LTV  Corporation  are  designed  to  help  managers 
keep  scheduled  maintenance  programs  current  and  cost-effective 
while  maintaining  design  levels  of  safety  and  reliability. 

They  are  similar  in  that  both  programs  use  a  series  of  computer 
routines  to  reduce  data  collected  by  the  Air  Force.  These 
programs  are  currently  in  limited  use  by  the  Air  Force  for 
determining  intervals  for  scheduled  maintenance  programs  and 
are  projected  for  widespread  use  on  many  MDS  aircraft. 

Essentially,  the  program  outputs  are  designed  to 
provide  analysts  and  decision  makers  with  the  information 
necessary  to  evaluate  maintenance  task  requirements. 

Decisions  can  be  made  whether  to  add  or  drop  certain  mainte¬ 
nance  tasks  and  whether  or  not  to  change  task  intervals. 
Additionally,  information  is  provided  concerning  the  effects 
of  these  changes  on  associated  manhours  (17:29;  19:4). 

The  programs  differ  primarily  in  output.  The  CMIP 
output  is  more  condensed  than  the  Vought  output  and  was 
designed  as  an  exception  report  which  makes  recommendations 
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to  the  manager  about  changing  requirements.  The  Vought 
program  output  provides  considerably  more  information  designed 
for  the  analyst's  use.  It  does  make  recommendations,  but 
it  provides  enough  information  to  permit  in-depth  analysis 
for  trends  in  changing  requirements.  For  this  reason,  the 
CMIP  is  more  applicable  to  aircraft  with  well-screened 
maintenance  programs;  i.e.,  multi-engine  aircraft  with 
numerous  redundant  systems.  On  the  other  hand,  the  Vought 
program  is  more  applicable  to  fighter-type  aircraft 
(17:17)  . 

Both  programs  recommend  changes  in  maintenance  task 
intervals  based  on  a  "target  probability"  of  having  no  mal¬ 
functions  occur  between  scheduled  maintenance  for  the  item 
being  considered.  Once  the  target  probability  is  established, 
an  exponential  failure  distribution  is  assumed  and  an  interval 
is  calculated.  The  Vought  program  uses  a  fixed  85  percent 
target  probability  while  the  CMIP  permits  input  of  user- 
controlled  target  probabilities  (17:31;  19:12).  Although 
the  programs  refer  to  calculated  intervals  as  "optimum" 
ones,  the  objective  is  not  that  of  minimum  cost  or  maximum 
availability.  Cost  considerations  are  treated  separately 
from  intervals  and  are  limited  only  to  evaluation  of 
associated  manhour  requirements. 

Summary 

This  chapter  has  examined  the  literature  on  mainte¬ 


nance  policies  designed  to  establish  hard  time  replacement 
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intervals.  Pertinent  information  was  provided  concerning 
optimum  replacement  policies,  Nowlan  and  Heap's  notion  of 
age  exploration  and  computer-assisted  maintenance  programs 
to  lay  a  basic  framework  for  the  research  project. 

The  literature  authored  by  Berg,  Ingram  and  Scheaffer; 
Barlow  and  Campo;  Bergman;  and  Singpurwalla  and  Talbott 
greatly  influenced  the  direction  of  this  project.  Berg's 
paper  shows  that  an  age  replacement  policy  is  the  optimal 
decision  rule  among  all  reasonable  replacement  policies. 
Research  conducted  by  Ingram  and  Scheaffer  presents  a  method 
of  determining  an  estimate  of  the  optimum  age  replacement 
interval  where  an  empirical  distribution  function  may  be 
used  with  no  serious  loss  of  information.  Barlow  and  Campo 
originally  introduced  the  TTT-plot  technique  that  Bergman 
later  uses. 

Bergman's  research  adds  to  the  efforts  of  Ingram 
and  Scheaffer,  and  Barlow  and  Campo,  and  derives  a  graphical 
technique  used  to  obtain  an  estimate  of  the  optimum  age 
replacement  interval.  This  technique  provides  an  easy 
method  to  perform  sensitivity  analysis  with  respect  to  often 
uncertain  cost.  It  has  advantages  in  application  in  that 
it  uses  an  empirical  failure  distribution  versus  an  assumed/ 
heoretical  failure  distribution,  and  provides  some  intui- 
i ive  feeling  for  the  uncertainties  involved  in  the  estima¬ 
tion.  Singpurwalla  and  Talbott  concluded  that  among  the 
age  replacement  policies,  Bergman's  graphical  technique  was 
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the  most  promising  because  of  its  ease  of  application  and 
theoretical  correctness. 

However,  they  cautioned  that  "...  data  over  a 
limited  time  span,  may  not  adequately  represent  the  true 
failure  distribution  thereby  introducing  sampling  error 
[26:A2-10] . "  Large  samples  are  necessary  for  application 
of  the  method. 

Because  of  the  above  stated  reasons,  it  was  decided 


that  this  research  project  would  focus  on  Bergman's  graphical 
technique . 


CHAPTER  III 


METHODOLOGY 

The  objective  of  this  research  is  to  demonstrate 
that  Bergman's  method  can  be  used  to  determine  optimal  main¬ 
tenance  task  intervals  based  on  a  control  strategy  which 
balances  cost  of  replacement  with  the  cost  of  failure  and 
results  in  a  minimum  total  long-run  average  cost  per  unit 
time.  To  accomplish  this  objective,  field  data  for  a  given 
piece  of  equipment  will  be  analyzed  using  a  Total  Time  on 
Test  (TTT) -plot  originally  introduced  by  Barlow  and  Campo 
(1975)  and  presented  in  simple  form  by  Bergman.  Under  this 
method,  the  life  distribution  is  assumed  to  be  unknown  and 
observational  data  are  provided  (9:468).  Once  the  data  is 
analyzed,  a  graphical  method  is  applied  to  obtain  a  reason¬ 
able  nonparametric  age  replacement  policy. 

It  should  be  noted  that  Bergman's  method  to  obtain 
an  optimal  age  replacement  policy  provides  "hard  time" 
intervals  for  scheduled  rework  or  discard  tasks. 

The  explanation  of  the  methodology  used  in  this 
research  involves  a  discussion  of  cost  measurement,  TTT- 
plot,  graphical  solution,  sensitivity  analysis,  sample 
space  and  data  collection. 

33 


1 


Cost  Measurement 


For  any  unit  which  is  believed  to  be  more  prone  to 
failure  with  age,  it  may  be  beneficial  to  replace  the  old 
unit  with  a  new  one  at  some  point  in  time.  Under  an  age 
replacement  policy,  maintenance  tasks  are  scheduled  at 
intervals.  To  find  the  optimal  interval  requires  balancing 
cost  of  replacement  (scheduled  maintenance)  with  cost  of 
failure  (unscheduled  maintenance) . 

For  any  age  replacement  policy,  there  is  a  cost  of 
replacement  (nonf ailed  item) ,  CQ,  and  cost  of  in-service 
failure,  CQ+k,  where  k  represents  the  difference  between  the 
cost  of  replacement  and  the  cost  of  failure.  Therefore,  an 
age  replacement  policy  is  advantageous  when  (CQ+k)  >  CQ. 

Bergman  expresses  cost,  C,  as  a  constant  which  is 
equal  to  the  cost  of  replacement  standardized  to  units  of  k 
dollars.  Thus,  if 

CQ  =  actual  cost  of  replacement  in  dollars 

C  +k  =  actual  cost  of  failure  in  dollars 
o 

Then  for  all  positive  CQ  and  k, 

C  =  CQ/k,  the  standardized  cost  of  replacement 

C+l  =  CQ/k  +  k/k,  the  standardized  cost  of  failure 

To  illustrate,  let  CQ  =  $100,  and  k  =  $200,  then 

C  +k  =  $300.  Since  C  =  C  /k,  then  C  =  100/200  =  0.5  is  the 
o  o 

cost  of  replacement  in  terms  of  k  dollars.  C+l  =  1.5  is  the 
cost  of  failure. 
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In  terms  of  Bergman's  graphical  technique,  the  cost 


of  replacement,  C,  is  a  fixed  value. 

Total  Time  on  Test-plot:  Analysis  of  Failures 
In  arriving  at  an  optimum  age  replacement  policy, 
the  underlying  failure  distribution,  F(T),  must  be  known  and 
often,  when  the  distribution  is  unknown,  assumptions  are  made. 
Arunkumar  (1972)  attempted  to  resolve  this  problem  by  estimat¬ 
ing  the  distribution  using  ordered  failure  time  data  (26:A2-5) 


xx  <x2  < 
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Bergman  simplifies  Arunkumar' s  procedure  and  applies 
it  to  the  TTT-plot  technique.  Given  n  lifetime  observations 
(t1,...,tn),  which  are  ordered  according  to  size,  the  ith 
observation,  t^  represents  the  operating  life  for  the  ith 
unit.  Then,  total  time  on  test  through  the  ith  failure 
time  is  calculated  as 
i 


T. 

l 


(n-j+1)  (t ( j j -t (j_1) ) ,  i  =  1 


,n 


where  tj0j  =0.  T^  is  the  total  time  generated  by 
the  n  units  before  age  t^j. 

The  ratio  T^/Tn,  i  =  l,...,n  is  the  scaled  total 
time  on  test  at  age  T^  denoted  by  U^,  i.e.,  IK  =  T^/Tn. 

The  TTT-plot  is  obtained  by  plotting  against  i/n.  The 
result  is  a  function  of  an  empirical  cumulative  distribution 
function,  Fn (T) . 


The  following  example  illustrates  the  process  for 
constructing  a  TTT-plot.  Given  that  10  units  are  observed 


to  failure,  the  life  times  (t^)  are  scaled  as  follows: 


i 

fc(i) 

T. 

l 

Ui 

1 

10.8 

108.0 

.3397 

2 

18.5 

177.3 

.5577 

3 

27.9 

252.5 

.7943 

4 

30.0 

267.2 

.8405 

5 

31.1 

273.8 

.8613 

6 

35.1 

293.8 

.9242 

7 

40.2 

314.2 

.9884 

8 

40.6 

315.4 

.9921 

9 

41.7 

317.6 

.9991 

10 

42.0 

317.9 

1.0000 

A  FORTRAN  Program  (Figure  3-1)  will  calculate 
values  for  T^  and  reading  from  the  data  tape  (identified 
as  Tape  11) ,  and  will  output  results  in  tabular  form 
(Table  3-1) . 

Figure  3-2  shows  the  TTT-plot  for  the  sample  data. 

If  the  failure  rate  is  an  increasing  function  of  age  (IFR) , 
the  plot  is  concave.  If  the  failure  rate  is  decreasing,  the 
plot  is  convex.  If  the  failure  rate  is  constant,  the  plot 
is  a  45-degree  slope.  Figure  3-3  illustrates  the  three 
possibilities. 


Nonparametric  Age  Replacement 
Bergman's  method  is  a  mathematical  representation  of 
a  stochastic  process  known  as  a  renewal  process  (when  an 
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TABLE  3-1 


PROGRAM  OUTPUT 


1 

NQ. 

OESSSV 

TIME 

TOTAL 

TIME 

SCALED 

TIME 

1 

10.8 

133.8 

.3397 

2 

13.3 

177.3 

.3577 

3 

27.9 

252.5 

.7943 

4 

33.3 

267.2 

.£485 

5 

31.  t 

273.8 

.8613 

6 

35.1 

293.3 

.9242 

7 

48.2 

314.2 

.9884 

? 

43.6 

315.6 

.982! 

9 

41.7 

317.6 

.9991 

13 

42.3 

317.9 

i  .:m 

BiO  TT7FL07 
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infinite 

interval 


item  is  failed  or  replaced,  the  cycle  starts  over  again) . 
When  rewards  or  costs  (negative  rewards)  apply,  the  renewal 
reward  theorem  (24:53)  states: 


average  long-term  cost 

In  order  to  minimize  average 
is  then. 


_  expected  cost  in  a  cycle 
expected  cycle  length 

long-run  cost,  the  objective 


MIN  r expected  cost/ cycle  1 
[_expected  cycle  lengthj 

This  can  be  expressed  as  follows  (9:467)  (for  T  >  0) : 


MIN  C (T) 


C+F (T) 

T 

/ ( 1-F ( t ) )  dt 
0 


(1) 


Thus,  in  finding  an  estimate  of  the  optimal  age  replacement 
interval ,  a  value  for  T  must  be  found  which  minimizes  cost 
C(T).  Using  the  empirical  life  distribution, 

Fn(t)  =  (i/n) 

that  is,  substituting  Fn(T)  for  F (T)  in  Equation  (1) ,  then: 


Cn(T) 


C+F„ (T) 


/ (1-F  (t) )  dt 
0  n 


(2) 


Relying  on  a  proof  presented  by  Ingram  and  Scheaffer  (18:216), 
Bergman  states  that  to  estimate  the  optimal  age  replacement 


interval,  it  is  enough  to  find  the  index  for  t,  call  it  j, 
with  minimizes 


Cn<V 


C+Fn(t-j) 

T 

/ ( 1-F ( t) )  dt 
~  n 


(3) 


Using  the  definition  of  the  empirical  distribution  function 

T 

F  (t.)  =  j/n  and  the  fact  that  /  (1-F  (t))dt  =  l/n(T. ), 
n  ]  0  J 

j  ~  1 ,  .  •  •  n 


then.  Equation  (3)  becomes 


Cn'V 


C+i/n 

lVnft'7 


3y  manipulation. 


(4) 


C+i/n  _  C+j/n  _ C+j/n 

l/n  (Tj )  "  l/n(Tn) (Tj/Tn)  ~  l/n(Tn) (U^ ) 


Thus, 


Cn(tj>  = 


1 

l/n  (T 


n 


P C+j/n 

L  u, 


] 


where  and  U ^ ,  j  =  l,...,n,  are  defined  under  the  TTT-plot. 

One  way  to  minimize  the  discrete  function  Cn(tj)  is 
by  complete  enumeration,  but  with  large  numbers  of  failures, 
enumeration  is  tedious.  Bergman's  graphical  approach  seeks 
to  minimize  C(T)  by  maximizing  its  reciprocal  [C(T)]  1. 
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U j  in  the  numerator  must  be  made  as  large  as  possible  (Y- 
axis  on  the  graph)  and  j/n  in  the  denominator  must  be  made 
as  small  as  possible  (X-axis  on  the  graph) .  Cost  C  in  the 
denominator  is  a  fixed  value.  By  constructing  the  line 
through  the  point  (-c,0)  tangent  to  the  TTT-plot,  the 
reciprocal  [Cn(tj)]~^  of  the  objective  function  is  maximized 
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and  the  objective  function  Cn(tj)  is  minimized.  The  value 
j  /n  is  the  abscissa  of  the  tangent  point  and  jQ denotes  the 
index  of  the  optimal  age  replacement  interval. 

Using  earlier  cost  and  TTT-plot  examples,  a  graphical 
solution  for  an  optimal  replacement  interval  is  in  Figure 
3-4.  For  this  example,  the  abscissa  of  the  tangent  point 
is  jQ/n  =  3/10.  Hence,  the  optimal  index,  j  ,  for  the 
replacement  interval  is  3.  Referring  to  Table  3-1,  the 
value  of  t^  (observed  time)  for  the  third  interval  is  27.9 
hours.  The  optimal  replacement  interval  for  this  example 
is  27.9  hours.  Again,  the  preciseness  of  this  estimate 
improves  with  larger  samples.  It  becomes  evident  that  a 
finite  replacement  interval  can  only  be  obtained  with  an 
IFR  distribution  since  a  tangent  drawn  to  a  DFR  or  exponential 
distribution  results  in  an  infinite  interval.  The  decision 
in  the  latter  two  cases  would  be  not  to  replace. 

Sensitivity  Analysis 

Though  Bergman's  method  is  based  on  calculation  of 
a  fixed  cost  C,  a  sensitivity  analysis  on  cost  can  be  per¬ 
formed. 

A  researcher  may  consider  a  range  of  values  for  C, 
for  example,  c+e,  where  c  is  an  estimate  of  cost  and  e 
represents  error  within  a  specified  interval.  By  locating 
the  points  (-c,0) ,  (-(c-e),0),  (-(c+e),0)  and  drawing  lines 
through  these  points  tangent  to  the  TTT-plot,  a  range  is 
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constructed  about  the  optimal  replacement  interval  index 
( j  i^_j  o^-j  2 )  stlown  in  Fi9ure  3-5.  In  this  example,  j  Dq= j  2  * 

To  illustrate  further,  for  an  IFR  distribution,  if 
(-(c+e),0)  is  close  to  (0,0),  then  the  optimal  index,  j, 
will  be  small.  This  suggests  that  units  should  be  replaced 
more  often  when  the  difference  between  cost  of  replacement 
and  cost  of  failure  is  large  (c  is  small) .  The  difference 
then,  must  grow  smaller  as  (-(c-e),0)  moves  away  from  the 
origin.  But  the  effect  of  cost  on  changes  in  the  index  j 
is  also  dependent  upon  the  shape  of  the  TTT-plot.  Figure 
3-6  shows  that  as  an  IFR  distribution  becomes  more  concave, 
the  optimal  index  j  becomes  less  sensitive  to  cost.  As  an 
IFR  distribution  becomes  less  concave,  the  optimal  replace¬ 
ment  interval  becomes  more  sensitive  to  cost. 

Performing  sensitivity  analysis  with  actual  data 
requires  collecting  cost  data  as  described  in  a  later  sec¬ 
tion  for  each  in-service  failure  used  in  this  study.  The 
data  will  be  analyzed  using  the  Statistical  Package  for  the 
Social  Sciences  (SPSS)  condescriptive  computer  routine  to 
identify  the  cost  estimates  from  the  sample.  The  objective 
of  the  analysis  is  to  examine  the  effects  of  changes  in 
cost  C  with  regard  to  the  index  j  for  the  optimal  replace¬ 
ment  interval. 


The  Sample 

Selection  of  a  piece  of  equipment  to  use  was  a 
difficult  choice.  The  KT-73  Inertial  Measurement  Unit 
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Fig.  3-6.  Effects  of  Shape  of  Failure  Curve  on  Sensitivity 


used  on  the  A-7D  aircraft  was  chosen  based  on  the  following 
considerations : 

Consideration  A:  In  Chapter  I,  attention  was  given 
to  expectations  concerning  available  cost  data.  This  study 
requires  data  for  cost  of  replacement  and  cost  of  in-service 
failure.  Since  the  cost  to  remove  and  replace  a  KT-73  IMU 
from  an  aircraft  would  be  the  same  for  both  failure  and  non¬ 
failure,  this  cost  is  ignored. 

The  cost  of  in-service  failure  must  be  the  sum  of 
the  trouble-shooting  costs,  the  cost  of  transportation  to 
and  from  depot,  and  the  cost  of  repair.  Since  the  units  are 
hermetically  sealed,  repair  is  made  only  at  the  Aerospace 
Guidance  and  Metrology  Center  (AGMC) .  Thus,  repair  costs 
can  be  retrieved  from  a  single  source.  Trouble-shooting 
costs  are  the  costs  incurred  on  the  flight  line  to  identify 
the  IMU  as  having  failed. 

The  cost  of  replacement  must  include  the  cost  to 
transport  a  unit  to  and  from  depot  and  the  cost  to  renew  a 
nonfailed  unit  which  is  removed  after  a  specified  interval 
of  time,  presumably  before  failure.  This  entails  repair  or 
replacement  of  subcomponents  from  the  unit  which  are 
approaching  failure,  thus,  restoring  the  unit  to  a  "good-as- 
new"  condition  (renewal) .  Costs  which  could  be  included 
are  labor,  materials,  laboratory  testing,  setup  costs  and 
opportunity  costs. 
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Consideration  B:  An  in-service  failure  of  the 
unit  must  not  cause  damage  to  other  equipment  in  the  system 
since  this  would  create  an  additional  variable  cost  of 
failure. 

Consideration  C:  The  unit  must  not  be  safety- 
critical. 

Consideration  D:  The  unit  must  fail  often  enough 
to  provide  adequate  sample  failure  data. 

Consideration  E:  The  units  must  be  traceable  by 
some  means  of  identification  and  field  operating  times 
specified  so  that  failure  cycles  can  be  established. 

The  population  of  elements  for  this  research  study 
includes  all  KT-73  Inertial  Measurement  Units  purchased  by 
the  Air  Force  and  used  on  the  A-7D  aircraft.  The  sample 
includes  all  serial-numbered  units  beginning  with  an  alpha 
prefix  of  "AF"  ordered  by  the  Air  Force  as  spares  prior  to 
19  April  1978.  The  purpose  in  limiting  the  sample  space  is 
to  avoid  the  complications  involving  truncation  of  data. 
Truncation  occurs  when  units  which  are  not  accounted  for  are 
removed  from  the  sample.  This  destroys  the  validity  of  the 
life  test. 

Cost  data  for  KT-73  in-service  failures  is  available 
as  a  cost  to  repair  through  the  AGMC  Resources  Division  and 
is  added  to  a  cost  of  trouble-shooting  and  a  cost  of  trans¬ 
portation,  which  are  available  through  the  K051  Maintenance 
Data  Collection  System.  The  cost  to  repair  will  be  provided 
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by  AGMC  as  an  actual  cost  to  repair  based  on  averages  for 
each  fiscal  year.  This  same  cost  to  repair  and  cost  of 
transportation  will  represent  the  cost  of  replacement  so 
that  the  difference,  k,  will  be  the  cost  of  trouble-shooting. 

In-service  failure  of  the  unit  does  not  cause  damage 
to  other  equipment,  and  the  unit  is  not  critical  to  safe 
operation  of  the  aircraft.  Failure  does  occur  often  enough 
to  provide  adequate  data,  and  units  can  be  traced  by  serial 
number,  cycle  number,  and  field  operating  hours.  A  functional 
description  of  the  KT-73  IMU  is  contained  in  Appendix  A. 

While  Bergman's  method  may  be  used  to  analyze  any 
maintenance  item  where  the  objective  is  to  minimize  cost, 
inferences  made  from  this  study  are  applicable  only  to  the 
sample  space. 


Data  Collection 

Using  data  collection  methods  of  Crowe  and  Loman 
(11:31-38),  actual  failure  data  for  the  KT-73  units  will  be 
collected  from  the  G078C  Maintenance  Data  Collection  System. 

Data  from  the  G078C  includes  an  elapsed  time 
indicator,  a  cycle  number,  and  an  identification  serial 
number.  The  elapsed  time  indicator  ensures  that  the  time  a 
unit  is  awaiting  repair  and  in  supply  channels  is  not  added 
to  the  operating  time  of  the  units.  The  identification 
serial  number  is  necessary  to  identify  the  failure  cycles 
associated  with  a  particular  unit.  A  failure  cycle  is 
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defined  as  the  operating  time  of  a  unit  between  renewal  and 
failure. 

Using  both  the  "Aircraft  Listing"  and  the  "Field 
Operating  Hours  (FOH)  by  Cycle-Quarterly"  G078C  reports, 
failure  Cycle  1  for  each  serial  number  included  in  the 
sample  is  identified.  The  field  operating  hours  for  each 
unit  in  Cycle  1  is  then  recorded  and  the  times  ordered  from 
the  smallest  to  largest.  This  can  be  accomplished  through 
a  simple  FORTRAN  program.  The  failure  times  are  transferred 
to  a  data  tape  for  use  in  calculating  values  for  the  TTT- 
plot  (Figure  3-1) . 

According  to  MIL-STD-785B,  Requirements  for  Military 
Programs  (for  Systems  and  Equipment /Development  and  Produc¬ 
tion)  ;  MIL-STD-781B,  Reliability  Tests:  Exponential 
Distribution;  and  MIL-STD-756A,  Reliability  Prediction,  the 
military  services  apply  the  basic  assumption  that  failures 
are  exponentially  distributed;  and,  in  fact,  MIL-STD-785B 
permits  a  contractor  to  assume  that  equipment  failures 
follow  an  exponential  distribution  whenever  the  standard  is 
specified  in  the  contract.  The  Computer  Monitored  Inspection 
Program  uses  this  assumption  (17:30).  Herein  lies  one  of 
the  advantages  of  using  the  TTT-plot  to  analyze  failure  data. 
The  TTT-plot  method  assumes  that  the  life  time  distribution 
is  unknown  and  analysis  is  based  purely  on  observational 
data. 
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Since  some  units  are  expected  to  survive  for  a  long 
period  of  time  (calendar  years) ,  only  old  spares  buys  coded 
by  "AF"  serial  numbers  for  the  KT-73  IMU  will  be  collected 
from  the  G078C  Data  Collection  System. 

The  sample  will  be  limited  to  those  KT-73  IMU  spares 
ordered  by  the  Air  Force  prior  to  19  April  1978  to  ensure 
that  a  record  of  at  least  one  failure  for  each  unit  has  been 
recorded  or  that  the  unit  is  accounted  for.  The  cutoff  date 
is  a  convenient  point  between  procurement  packages  in  which 
large  quantities  of  spares  were  ordered.  A  unit  can  be 
accounted  for  as  not  having  been  operated  (on  a  supply 
shelf) ,  discarded,  or  lost  prior  to  normal  failure  (aircraft 
attrition) .  Units  which  are  accounted  for  can  be  removed 
from  the  sample  without  bias.  The  period  of  time  from 
which  the  data  is  drawn  will  depend  upon  the  time  the  last 
unit  in  the  sample  fails.  Conclusions  from  this  study  are 
limited  to  the  data  window. 

Part  of  the  cost  of  replacement  is  provided  by  AGMC 
and  is  the  actual  average  cost  to  repair  a  unit  for  each 
fiscal  year.  Transportation  costs  are  added  to  the  cost  to 
repair  to  arrive  at  the  total  cost  of  replacement,  CQ.  The 
cost  to  repair  is  obtained  from  data  collected  by  the 
Resources  Division  (MAW)  at  AGMC  in  terms  of  dollar  amount 
and  is  presented  as  an  average  actual  cost  to  repair  by 
fiscal  year.  Transportation  costs  are  provided  by  the  K051 
data  system  at  Headquarters  AFLC.  Data  is  extracted  by  the 
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Mission-Design-Series  (MDS)  of  A-7D  and  by  Work  Unit  Code 
(WUC)  73FAO  for  the  KT-73  IMU.  Under  the  WUC,  a  transporta¬ 
tion  cost  in  terms  of  dollar  amount  is  recorded. 

The  cost  of  in-service  failure,  CQ+k,  will  consist 
of  three  parts:  (1)  the  cost  to  repair,  (2)  the  cost  of 
transportation  to  and  from  depot,  and  (3)  trouble-shooting 
cost.  The  preceding  paragraph  described  how  values  for  CQ 
(cost  to  repair  plus  cost  of  transportation)  are  found.  The 
remaining  element,  trouble-shooting  cost,  is  provided  by  the 
K051  data  system  under  the  same  MDS,  WUC  and  format  as 
transportation  cost.  However,  trouble-shooting  costs  are 
listed  as  quarterly  totals  under  a  separate  column  labeled 
"field  maintenance"  (base  labor) . 

These  three  costs  (repair,  transportation,  trouble¬ 
shooting)  cannot  be  directly  matched  to  the  serial-numbered 
units  in  the  sample,  but  they  are  presented  as  annual  averages 
(for  repair) ,  and  quarterly  totals  (for  transportation  and 
trouble-shooting) ,  the  latter  of  which  can  be  summed  over 
each  fiscal  year  and  averaged  using  the  number  of  units 
repaired  for  each  fiscal  year,  as  provided  by  AGMC.  This 
limitation  was  discussed  in  Chapter  I. 

To  arrive  at  values  for  k,  the  difference  between 
the  cost  of  replacement  and  the  cost  of  failure,  CQ  is  sub¬ 
tracted  from  CQ+k  for  each  fiscal  year.  The  value  of  "k" 
in  this  study  is  the  cost  to  trouble-shoot.  Dividing  each 
CQ  by  each  k,  then,  provides  a  range  of  cost  values. 
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standardized  to  units  of  k  dollars,  which  can  be  used  to 
calculate  an  expected  value  for  cost,  C.  The  necessary 
calculations  can  be  accomplished  by  a  simple  FORTRAN  program. 

The  validity  of  the  TTT-plot  and  graphical  solution 
are  dependent  on  the  accuracy  of  the  data  collected  from 
the  G078C  and  K051  files.  Limitations  in  this  area  were 
addressed  in  Chapter  I.  Additionally,  a  consistent  mainte¬ 
nance  policy  must  be  assumed,  and  care  will  be  taken  to  ensure 
that  either  none  or  all  of  the  KT-73  units  included  in  the 
sample  have  undergone  modification. 

Answering  the  Research  Question 

Before  proceeding  to  the  actual  experiment,  the 
research  question  should  be  readdressed  within  the  context 
of  the  methodology. 

The  Research  Question  asks  if  Bergman's  method  can 

be  applied  in  determining  an  optimal  maintenance  task 

interval  based  on  the  objective  of  minimizing  total  long- 

run  average  cost  per  unit  time  using  actual  field  data.  An 

optimal  maintenance  interval  can  be  determined  for  the  item 

used  in  this  study  by  collecting  data,  as  discussed  in  the 

previous  section,  for  the  cost  of  replacement  and  cost  of 

failure,  and  by  collecting  failure  data  for  the  item.  Based 

on  the  cost  data,  a  value  for  C  can  be  calculated  and  plotted. 

The  observed  failures  collected  from  the  G078C  can  be  scaled 

and  a  TTT-plot  constructed.  Using  Bergman's  graphical 

technique,  a  tangent  can  be  drawn  from  the  point  (-c,0)  to 
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the  failure  curvev  and  the  index  of  the  optimal  replacement 
interval  can  be  located  at  the  abscissa  ( jQ/n) .  If  the 
following  specific  criteria  are  met,  the  research  question 
can  be  answered  in  the  affirmative. 

Must  know: 

1.  Cost  of  replacement 

2.  Cost  of  failure 

3.  Time  from  renewal  to  failure  (cycle)  for  all 
units  in  the  sample 

Must  have: 

A  large  sample  of  life  times  (greater  than  30) , 
since  the  estimate  of  the  optimal  interval  improves  with 
larger  samples. 

Must  be  able  to: 

1.  Standardize  cost  of  replacement  and  cost  of 
failure  to  "k"  units  of  dollars 

2.  Scale  observed  life  times  to  Bergman's 

TTT-plot 

3.  Construct  a  graph  of  the  scaled  empirical 
life  distribution 

4.  Construct  a  tangent  to  the  failure  curve 
with  the  greatest  slope  passing  through  the  point  plotted 
for  replacement  cost 

5.  Identify  the  index  for  the  optimal  interval 
using  Bergman's  graphical  technique 
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If  the  research  question  can  be  answered  in  the 
affirmative,  there  are  two  secondary  questions.  Secondary 
Question  "a"  asks  if  the  calculated  interval  for  the  units 
tested  compares  with  the  existing  interval  for  the  item. 

Since  the  KT-73  IMU  has  never  had  a  maintenance  interval 
assigned  to  it,  its  current  interval  is  infinite.  This 
study  would  recommend  an  infinite  interval  (f ly-to-failure) 
if  the  empirical  life  distribution  constructed  on  the  TTT- 
plot  from  actual  failure  data  is  a  45-degree  line  (exponen¬ 
tial)  or  convex  (DFR) .  Figure  3-3  illustrates  these  possi¬ 
bilities.  If  the  following  required  knowledge  and  procedures 
can  be  satisfied,  secondary  question  "a"  can  be  evaluated. 

1.  Know  the  current  interval 

2.  Identify  the  distribution  of  observed  failure 

data 

3.  Identify  the  index  for  the  optimal  interval 
using  Bergman's  graphical  technique 

4.  Compare  the  current  and  calculated  optimal 
intervals 

5.  Explain  or  reconcile  differences,  if  any,  between 
the  current  and  calculated  optimal  intervals 

Secondary  Question  "b"  asks  how  sensitive  the 
calculated  optimal  interval  is  to  the  uncertainty  of  cost. 
Based  on  individual  cost  data  collected,  a  range  of  values 
for  "C"  can  be  calculated  and  analyzed  using  the  Statistical 
Package  for  the  Social  Sciences  (SPSS)  Condescriptive 
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computer  program  to  identify  the  mean  and  standard  deviation 
for  C.  Using  values  for  C  of  plus  and  minus  a  given  standard 
deviation  from  the  mean,  new  tangents  can  be  drawn  to  the 
failure  curve  and  observations  can  be  made  concerning  the 
effects  of  changes  in  C  on  the  optimal  replacement  interval 
index.  If  the  following  required  procedures  can  be  satis¬ 
fied,  secondary  question  "b"  can  be  evaluated. 

1.  Identify  the  mean  and  standard  deviation  of 
standardized  cost  values 

2.  Designate  values  for  "CH  above  and  below  the 
mean,  based  on  the  mean  and  standard  deviation 

3.  Identify  the  index  for  the  optimal  interval 
using  Bergman's  graphical  technique  for  new  values  of  "C," 
based  on  the  standard  deviation 

4.  Draw  conclusions  about  the  sensitivity  of  the 
optimal  interval  to  uncertainty  in  cost 


CHAPTER  IV 


APPLICATION  AND  ANALYSIS 

Demonstrating  Bergman's  graphical  method  to  deter¬ 
mine  an  optimal  maintenance  task  interval  for  an  item  in 
Air  Force  inventory  requires  application  of  the  methodology 
described  in  Chapter  III. 

The  Failure  Data  f 

i 

Failure  data  for  all  KT-73  Inertial  Measurement  ( 

Units  were  collected  for  all  units  with  serial  numbers  coded 

with  an  alpha  prefix  of  "AF"  ordered  prior  to  19  April  1978.  ' 

This  includes  data  on  units  coded  AF051SSG,  AF0TST1  and 
AF00001  through  AF00094  for  the  first  failure  cycle  (acqui¬ 
sition  to  first  failure) .  The  data  was  retrieved  by  cross- 
referenci.  g  both  the  "Aircraft  Listing"  and  the  "Field 
Operating  Hours  (FOH)  by  Cycle-Quarterly"  reports  from  the 
G078C  Data  Collection  System.  Excerpts  containing  data  from 

these  reports  are  contained  in  Appendix  B.  Table  4-1  lists  I 

the  units  in  the  sample  by  serial  number  and  corresponding 
times  to  failure  for  Cycle  1.  The  times  to  failure  are 

listed  in  G078C  reports  under  Cycle  1  of  each  serial  number  j 

and  denoted  by  "ETI  IN,"  the  elapsed  time  indicator  reading 
(actual  operating  hours)  upon  arrival  at  AGMC.  There  are 
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TABLE  4-1 


TIMES  TO  FAILURE 

BY  SERIAL  NUMBER 

AFPRSSG 

0855 

AF00044 

0285 

AFOTSTl 

1111 

AF00045 

0426 

AF00001 

0099 

AF00046 

0490 

AF00002 

0229 

AF00047 

0180 

AF00003 

0615 

AF00048 

0211 

AF00004 

0127 

AF00049 

0161 

AF00005 

0121 

AF00050 

2764 

AF00006 

0853 

AF00051 

0434 

AF00007 

0349 

AF00052 

0150 

AF00008 

0487 

AF00053 

0109 

AF00009 

0558 

AF00054 

1001 

AF00010 

0852 

AF00055 

3007 

AF00011 

0260 

AF00056 

0183 

AF00012 

0181 

AF00057 

0217 

AF00013 

Attrited 

AF00058 

0701 

AF00014 

0932 

AF00059 

0240 

AF00015 

1837 

AF00060 

0164 

AF00016 

0182 

AF00061 

0101 

AF00017 

0508 

AF00062 

0565 

AF00018 

0107 

AF00063 

0120 

AF00019 

Attrited 

AF00064 

0222 

AF00020 

0498 

AF00065 

0122 

AF00021 

0492 

AF00066 

0299 

AF00022 

1081 

AF00067 

0212 

AF00023 

1408 

AF00068 

0377 

AF00024 

1099 

AF00069 

Attrited 

AF00025 

0828 

AF00070 

Attrited 

AF00026 

0164 

AF00071 

0129 

AF00027 

0388 

AF00072 

Attrited 

AF00028 

0414 

AF00073 

0645 

AF00029 

0417 

AF00074 

0122 

AF00030 

0103 

AF00075 

0764 

AF00031 

4126 

AF00076 

Attrited 

AF00032 

0334 

AF00077 

0292 

AF00033 

0109 

AF00078 

0365 

AF00034 

0153 

AF00079 

0454 

AF00035 

0163 

AF00080 

0897 

AF00036 

0093 

AF00081 

2132 

AF00037 

0483 

AF00082 

0347 

AF00038 

0414 

AF00083 

1081 

AF00039 

0451 

AF00084 

0873 

AP00040 

0095 

AF00085 

0220 

AP00041 

2045 

AF00086 

Attrited 

AF00042 

0254 

AF00087 

0332 

AP00043 

0141 

AF00088 

0163 

60 


TABLE  4-1  —Continued 


AF00089  0814  AF00092  0154 
AF00090  0436  AF00093  1765 
AF00091  0121  AF00094  1560 


eighty-nine  units  in  the  sample  and  times  to  failure  were 
recorded  on  a  raw  data  file  called  "TAPE  11"  (Figure  4-1) . 

During  collection  of  the  failure  data,  it  was  noted 
that  seven  serial  numbers  could  not  be  located:  AF00013, 
AF00019 ,  AF00069 ,  AF00070,  AF00072,  AF00076  and  AF00086. 
According  to  information  received  from  AGMC ,  the  KT-73  IMU 
Item  Manager  and  Singer-Kearfott  (manufacturer)  any  units 
that  are  lost  to  the  system,  that  is,  lost,  stolen  or  demol 
ished  in  an  aircraft  accident,  are  no  longer  tracked  and 
the  serial  numbers  are  dropped  from  the  rolls  (2;10;16). 
Since  the  units  contained  in  the  sample  used  for  this  study 
are  among  the  oldest  spares  buys  made  by  the  Air  Force 
(circa  1970) ,  the  seven  units  for  which  serial  numbers  are 
missing  are  said  to  have  attrited  (2;10;16)  .  A  zero  con¬ 
demnation  rate  for  the  KT-73  IMU  makes  this  the  only 
reasonable  conclusion.  Hence,  the  seven  units  were  removed 
from  the  sample  without  bias. 

Total  Time  on  Test-plot 

Once  the  raw  data  was  recorded  on  TAPE  11,  it  was 


necessary  to  order  the  failure  times  from  smallest  to 
largest.  This  was  accomplished  using  the  simple  FORTRAN 


138=0833 

433=4124 

113=1111 

413=0334 

123=0599 

*23=0109 

133=0229 

433=0153 

140=0415 

448=8143 

150=0127 

453=0093 

148=8121 

440=8*43 

173=0853 

*70=0*14 

183=0349 

428=0451 

198=0*37 

493=8395 

400=5:3o 

583=2345 

210=0852 

513=0254 

223=8240 

523=3141 

233=0181 

523=3285 

240=0932 

540=3*26 

230*1837 

550=8*93 

240=3182 

540=3183 

273=0508 

570=3211 

283=3137 

550*8141 

293=0498 

590=2764 

333=0452 

630=0*34 

313=1881 

410=0150 

220=1458 

420=010? 

330=1399 

630=1301 

343=8828 

448=2387 

353=3144 

450*0183 

340=3383 

440=0217 

370=8414 

470*0781 

320=3*17 

(■53=0243 

350=3123 

693=3144 

Fig.  4-1. 

TAPE  11 

700=0131 

710=1545 
7  20=3! 23 

730=0222 

1  */SmC  4  -•*■* 
i+tl-IULL 

753=0299 

748=3212 

775=8377 

7c3=6iZ9 

793=36*5 

825=0122 

318=5741 

825=3282 

333*8345 

318=3*54 

6:8=5397 

840=2132 

870=8347 

880=1381 

890=8872 

930=3223 

910=3332 

923=0143 

933=8814 

940=0434 

953=0121 

940=315* 

973=1745 

988=1343 


Raw  Failure  Data 
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program  shown  in  Figure  4-2.  The  output,  TAPE  12,  from  the 
program  contains  eighty-nine  ordered  failure  times  (Figure  4-3) . 

Having  ordered  the  observed  life  time,  t^j,  the 
times  were  scaled  to  the  total  time  on  test,  T^,  denoted  by 
U^.  This  was  accomplished  by  inputting  TAPE  12  to  the 
FORTRAN  program  illustrated  in  Figure  4-4.  The  output  of 
the  program  is  shown  in  Table  4-2  which  contains  the  observa¬ 
tion  number  (i) ;  the  observed  life  times  (t^)j  the  total 
time  on  test  (T^  ;  and  the  scaled  total  time  on  test  (IK  )  . 

The  program  also  outputs  a  data  file,  TAPE  13  (Figure  4-5) , 
containing  all  of  the  calculated  U^'s. 

Using  Table  4-2,  a  Total  Time  on  Test-plot  was  con¬ 
structed  for  the  eighty-nine  observations  in  the  sample.  As 
in  the  example  of  Chapter  III,  Figure  4-6  illustrates  the 
TTT-plot  for  the  KT-73  IMUs  used  in  this  study. 

An  examination  of  the  empirical  life  distribution 
shown  on  the  TTT-plot  for  the  eighty-nine  observations 
indicates  a  failure  curve  which  is  slightly  DFR  (decreasing 
failure  rate) .  Since  the  curve  represents  a  plot  of  observed 
data,  it  is  not  smooth,  but  it  would  become  smoother  with 
larger  samples.  Most  notable  is  the  immediate  leap  from  0 
to  .16  which  represents  the  smallest  observed  time  to  failure, 

93  hours.  Superimposed  over  the  TTT-plot  is  an  assumed 
theoretical  exponential  failure  curve.  The  theoretical 
distribution  is  derived  from  consistently  large  historical 
sampling  and  is  a  perfectly  smooth  45-degree  slope. 
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Fig .  4 
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2.  Program  to  Order  Failure  Data 
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100= 

93.3 

400 

110= 

85.0 

419 

123* 

99.0 

420 

133* 

101.0 

430 

113* 

103.0 

440 

133* 

107.0 

450 

149* 

109.0 

460 

173* 

109.0 

470 

183= 

120.0 

480 

190= 

121.0 

499 

233* 

121.0 

500 

213* 

122.0 

510 

220* 

122.0 

529 

230* 

127.3 

533 

240* 

129.0 

543 

250* 

141.0 

550 

240* 

150.0 

569 

270* 

153.0 

573 

283* 

154.9 

580 

290* 

161.0 

590 

30f* 

143.0 

4?0 

+  4  Qm 

143.0 

610 

320* 

164.3 

620 

333* 

164.0 

630 

343* 

183.0 

640 

353* 

181.3 

659 

360* 

182.0 

660 

183.0 

670 

383* 

211.0 

683 

390* 

212.6 

680 

217.9 

700* 

593.0 

220.0 

710 

555.0 

222.0 

720 
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229.0 

733 

615.6 

240.0 

749 
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254.0 
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701.8 

260.0 

760 

764.3 

255.3 

770 

614.0 

292.0 

786 

623.0 

299.0 

780 
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332.9 

800 

853.0 

334.0 

810 

355.0 

347.9 

820 

873.8 

349.9 

838 

897.0 

365.9 

849 

932.0 

377.0 

850 

1801.0 

383.0 

660 

1031.8 

414.0 

.676 

1031.0 

414.0 

880 

IS  99.0 

417.3 

890 

1111.0 

426.0 

968 

1408.0 

434.0 

918 

1566.0 

436.0 

920 

1765.0 

451.0 

930 

1837.0 

454.0 

94? 

2643.? 

483.0 

953 

2132.0 

487.0 

953 

2764.9 

498.6 

978 

3607.0 

492.0 

980 

4126.8 

496.0 

«  • 

Fig.  4-3.  TAPE  12:  Ordered  Failure  Data 
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Fig.  4-4.  Program  to  Scale  Total  Time  on  Test 


TABLE  4-2 


SCALED  TIMES  TO  FAILURE 


Cf2'  CT* 

1 

1  \ J  !  rtt. 

If 

S3. 

TIME 

TIME 

■  TIME 

46 
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47 
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48 

414.3 
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4? 
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9143.2 

.1744 

51 

424.3 
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Fig.  4-5.  TAPE  13:  Calculated  U^'s 
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Fig.  4-6.  Total  Time  on  Test-plot 
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According  to  MIL-STD-756A  and  engineers  at  AGMC,  a  complex 
electronic  component,  such  as  the  KT-73  IMU,  when  in  steady 
state  operation,  is  assumed  to  exhibit  exponential  failure 
characteristics  (the  flat  portion  of  a  typical  bathtub 
curve) . 

Visually  examining  the  two  distributions,  the 
difference  in  their  shapes  does  not  appear  dramatic.  While 
the  assumed  distribution  exhibits  a  constant  failure  rate, 
the  empirical  distribution  exhibits  a  slightly  decreasing 
failure  rate.  The  statistical  significance  of  the  difference 
was  not  analyzed.  With  Bergman's  method,  the  empirical 
distribution  can  be  visually  recognized  as  a  DFR,  exponential 
or  IFR  (9:468) . 

Cost  Data 

To  find  the  optimal  replacement  interval,  requires 
balancing  the  cost  of  replacement  (scheduled  maintenance) , 

CQ,  with  the  cost  of  failure  (unscheduled  maintenance) , 

CQ+k,  where  k  represents  the  difference  between  cost  of 
replacement  and  cost  of  failure. 

The  collection  of  cost  data  was  influenced  by  the 

formats  used  by  the  data  collection  systems  which  contained 

the  needed  information.  As  explained  in  Chapters  I  and  III, 

the  cost  of  replacement  includes  the  cost  to  repair  and  the 

cost  of  transporting  units  to  and  from  depot.  The  cost  of 

failure  includes  these  costs  plus  the  additional  cost  of 

trouble-shooting.  Cost  data  was  collected  for  the  period 
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from  FY  72  through  FY  81  to  generally  coincide  with  the  time 
period  during  which  failures  occurred  for  units  in  the 
sample.  However,  since  the  cost  data  collected  for  this 
period  was  in  aggregated  form,  they  represent  the  expected 
costs  for  the  entire  population  of  KT-73  IMUs  repaired  and 
processed  through  the  system. 

The  cost  to  repair  a  unit  at  depot  was  provided  by 
the  AGMC  Resources  Division  and  represents  an  actual  cost 
to  repair  based  on  averages  for  each  fiscal  year  beginning 
with  FY  81  and  going  back  to  FY  72.  Table  4-3  contains 
average  repair  cost  by  fiscal  year  and  total  number  of 
units  repaired  for  each  time  period.  It  should  be  noted 
that  AGMC  provided  separate  averages  for  FY  76  (ending 
30  June  1976)  and  for  the  transition  quarter  76T  (ending 
30  September  1976) .  A  single  average  for  FY  76  was  derived 
by  multiplying  the  average  cost  per  unit  for  FY  76  times 
four  and  adding  the  average  cost  per  unit  for  76T,  then 
dividing  by  five. 


TABLE  4-3 

AVERAGE  COST  TO  REPAIR  KT-73  IMU 


Period 

Average  Cost/ 

Unit 

Total  Units 
Repaired 

FY  81 

$4350 

312 

FY  80 

4053 

358 

FY  79 

3378 

358 

FY  78 

4104 

335 

FY  77 

2873 

360 
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TABLE  4-3 — Continued 


Period 

Average  Cost/ 

Unit 

Total  Units 
Repaired 

FY  76 

$4138 

489 

FY  75 

3126 

447 

FY  74 

2967 

502 

FY  73 

4005 

344 

FY  72 

3203 

73 

Transportation  costs  were  extracted  from  the  K051 
Maintenance  Data  Collection  System  as  quarterly  totals  under 
"packing- shipping  cost"  for  WUC  73FAO.  The  listing  was 
found  under  the  Logistic  Support  Cost  Breakdown  for  the 
A7-D  Aircraft.  Copies  of  the  microfiche  files  containing 
the  data  are  contained  in  Appendix  C.  Cost  data  was  only 
available  as  far  back  as  the  fourth  quarter  of  FY  72,  and 
not  all  of  the  information  was  available  at  Headquarters 
AFLC.  Data  for  the  second  quarter  of  FY  79  was  retrieved  by 
telephone  from  the  Sacramento  Air  Logistics  Center.  Table 
4-4  contains  the  quarterly  transportation  cost  totals  for 
each  quarter  beginning  with  the  fourth  quarter  of  FY  81 
and  going  back  to  include  the  fourth  quarter  of  FY  72. 

Annual  averages  were  then  computed  by  summing  the  four 
quarterly  totals  in  each  fiscal  year  and  dividing  by  the 
number  of  known  units  repaired  by  AGMC  (Table  4-3)  in  the 
same  year.  For  FY  76,  an  annual  average  was  derived  by 
summing  the  four  quarterly  totals  for  FY  76  and  the  quarterly 
total  for  76T,  then  dividing  by  the  number  of  units  repaired 
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in  FY  76  (which  includes  76T) .  The  average  transportation 
cost  per  unit  for  FY  72  was  derived  by  counting  the  number 
of  units  repaired  by  AGMC  between  the  183  and  274  days 
(fourth  quarter)  of  FY  72  using  the  G078C  reports  and 
dividing  that  number  into  the  fourth  quarter  total  for  FY  72. 


TABLE  4-4 

TROUBLE-SHOOTING  AND  TRANSPORTATION  COSTS 
QUARTERLY  TOTALS 

Period  Trouble-shooting  Transportation 


4 

FY 

81 

$108367 

$2841 

3 

FY 

81 

91920 

1527 

2 

FY 

81 

95520 

1951 

1 

FY 

81 

105206 

2071 

4 

FY 

80 

124926 

2868 

3 

FY 

80 

132477 

3134 

2 

FY 

80 

85000 

4531 

1 

FY 

80 

65264 

2822 

4 

FY 

79 

97117 

5129 

3 

FY 

79 

69190 

3505 

2 

FY 

79 

71969 

2992 

1 

FY 

79 

94732 

3932 

4 

FY 

78 

98908 

5386 

3 

FY 

78 

72248 

3896 

2 

FY 

78 

69022 

2961 

1 

FY 

78 

63424 

2546 

4 

FY 

77 

69613 

3543 

3 

FY 

77 

66644 

3769 

2 

FY 

77 

66932 

2384 

1 

FY 

77 

64854 

3154 

FY 

76T 

88377 

4313 

4 

FY 

76 

78458 

5407 

3 

FY 

76 

75966 

2877 

2 

FY 

76 

57687 

2970 

1 

FY 

76 

75126 

3942 

4 

FY 

75 

79169 

3926 

3 

FY 

75 

89018 

5700 

2 

FY 

75 

58926 

3476 

1 

FY 

75 

76344 

3669 

4 

FY 

74 

55584 

3898 

3 

FY 

74 

43003 

2711 

2 

FY 

74 

40731 

2659 

TABLE  4-4 — Continued 


Period 

Trouble-shooting 

Transportation 

1  FY  74 

$  44290 

$3173 

4  FY  73 

51740 

3424 

3  FY  73 

47143 

1930 

2  FY  73 

39361 

1750 

1  FY  73 

41243 

2249 

4  FY  72 

34127 

814 

Once  annual  averages  were  collected  for  the  cost  to 
repair  and  computed  for  the  cost  of  transportation,  these 
two  costs  were  added  for  each  corresponding  fiscal  year  to 
produce  annual  averages  for  the  cost  of  replacement,  CQ, 
for  FY  72  through  FY  81. 

The  cost  of  failure  includes  the  cost  of  replacement, 
CQ,  plus  an  additional  cost,  k.  For  this  study,  the  addi¬ 
tional  cost  or  difference,  k,  was  defined  as  the  cost  to 
trouble-shoot  a  unit  failure.  Trouble-shooting  costs,  like 
transportation  costs,  were  collected  from  the  Logistic 
Support  Cost  Breakdown  of  the  K051  MDC  System  (Appendix  C) . 
The  quarterly  totals  are  listed  under  "field  maintenance 
cost"  for  WUC  73FAO.  Annual  average  trouble-shooting  costs 
per  unit  failure  were  derived  in  the  same  way  that  trans¬ 
portation  costs  were  computed.  Table  4-4  contains  the 
quarterly  trouble-shooting  cost  totals  for  the  same  time 
period  that  transportation  costs  were  collected. 

In  order  to  facilitate  Bergman's  graphical  method, 


the  cost  of  replacement,  C  ,  must  be  standardized  to  units 


of  k  dollars.  Bergman  refers  to  this  standardized  value  as 


"C."  To  find  C,  the  cost  of  replacement,  CQ,  which  includes 
the  cost  of  repair  and  the  cost  of  transportation,  must  be 
divided  by  the  additional  cost  of  failure,  k.  In  this  study, 
a  value  for  C  was  calculated  for  each  fiscal  year,  from  FY  72 
through  FY  81. 

The  entire  range  of  calculations  necessary  to  arrive 
at  values  for  C  for  each  fiscal  year  were  accomplished  using 
a  FORTRAN  program  (Figure  4-7) .  The  program  calculates 
annual  values  for  Co,  k  and  C.  Data  input  included  TAPE  20 
and  TAPE  21  which  contained  values  transcribed  from  Tables 
4-3  and  4-4,  respectively  (Figures  4-8  and  4-9).  The  output 
TAPE  22,  displays  ten  values  for  C,  one  for  each  fiscal  year 
(Figure  4-10) . 

Since  Bergman  requires  a  single  fixed  value  for  C, 
which  represents  an  average  long-term  cost  of  replacement,  a 
mean  value  for  C  based  on  the  sample  was  required.  Values 
for  both  the  mean  and  standard  deviation  were  found  by  sub¬ 
jecting  TAPE  22  to  the  SPSS  Condescriptive  computer  program. 
The  program  and  results  are  contained  in  Figure  4-11. 

Graphical  Solution 

Using  the  mean  value  of  5.206  for  C,  the  point  (-c,o) 
located  and  a  tangent  drawn  to  the  failure  curve.  Figure 
4-12  indicates  that  the  tangent  point  is  at  the  upper  right 
most  portion  of  the  failure  curve.  The  abscissa  of  the 
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4-7.  Program  to  Calculate  Cost 


Cost 

No . 

FY 

103=4333 

312 

81 

113=4353 

358 

80 

123=3373 

353 

79 

133*4134 

335 

78 

143=2373 

363 

77 

153=4133 

489 

76 

143=3126 

447 

75 

173=2967 

532 

74 

183=1335 

344 

73 

153=3233 

73 

72 

•  • 


Fig.  4-8.  TAPE  20:  Average  Cost  to  Repair 
and  Total  Number  of  Units  Repaired 
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Fig.  4-9.  TAPE  21:  Costs. of  Trouble¬ 
shooting  and  Transportation 
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Fig. 


Cost 

"C" 

FY 

1SS= 

3.41 

81 

113= 

3.59 

80 

128= 

3.48 

79 

139= 

4.58 

-78 

149= 

3.91 

77 

153= 

3.44 

76 

140= 

4.44 

75 

173= 

8.18 

74 

180= 

7.73 

73 

193= 

4.  SO 

72 

•  i 


4-10.  TAPE  22:  Standardized  Cost  of  Replacement  "C" 
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tangent  point  is  the  value  89/89  or  1  and  denotes  the 

index  of  the  optimal  replacement  interval,  -j  .  In  this 

•‘o 

case,  the  estimate  of  the  optimal  replacement  interval  was 
interpreted  to  be  infinite.  As  explained  in  Chapter  III, 
this  conclusion  could  have  been  reached  without  having  per¬ 
formed  the  graphical  solution  since,  by  definition,  exponen¬ 
tial  and  DFR  curves  yield  infinite  replacement  intervals. 

The  current  interval  and  the  optimal  interval  found 
using  Bergman's  method  are  the  same.  They  are  both  infinite, 
and  the  optimal  maintenance  policy  for  the  KT-73  IMUs  in  the 
sample  is  to  operate  until  failure. 

Sensitivity  Analysis 

In  Chapters  I  and  III,  a  large  portion  of  discussion 
was  devoted  to  limitations  regarding  cost  measurement  and 
cost  uncertainty.  Cost  estimation  results  in  a  degree  of 
uncertainty,  and  Bergman ' s  graphical  method  can  be  used  to 
perform  sensitivity  analysis  with  respect  to  cost. 

By  constructing  a  range  of  values  for  cost,  C,  about 
the  mean,  new  lines  tangent  to  the  failure  curve  can  be 
drawn  through  these  points  and  observations  can  be  made  to 
identify  changes,  if  any,  in  the  optimal  replacement  interval 
index,  jQ.  In  the  last  section,  the  mean  value  of  5.206  was 
used  for  C  in  finding  the  estimate  of  the  optimal  replace¬ 
ment  index.  The  results  of  this  study  indicate  that  the 
replacement  interval  for  the  KT-73  IMU  is  infinite.  Knowing 

this,  it  can  be  concluded  at  this  point  that  the  replacement 

83 


interval  is  totally  insensitive  to  changes  in  cost,  C. 
However,  for  the  purpose  of  demonstrating  the  method,  a 
sensitivity  analysis  was  performed. 

The  degree  of  uncertainty  of  cost  for  this  study  is 
unknown,  and  the  variability  of  cost  in  the  sample  may  not 
reflect  the  true  variability  of  the  population  of  costs 
associated  with  the  KT-73  IMU.  The  size  of  the  sample  of 
cost  values  (ten  cases)  preclude  efficient  analysis  of  the 
distribution  of  costs  calculated  in  this  study.  Employing 
a  rule  from  Chebyshev's  theorem  that  applies  to  any  sample 
of  measurements,  regardless  of  the  shape  of  the  frequency 
distribution,  at  least  75  percent  of  the  observations  are 
expected  to  fall  within  two  standard  deviations  of  the 
mean  (13:149).  Figure  4-11  shows  the  calculated  standard 
deviation  for  the  sample  to  be  1.783.  Since  the  mean  is 
5.206,  the  two  standard  deviations  from  the  mean  are 
calculated  as 

X  +  S  *  (3.42,  6.99)  X  +  2S  =  (1.64,  8.77) 

These  values  (except  8.77)  were  plotted  on  the  graph 
in  Figure  4-13  and  new  lines  drawn  tangent  to  the  failure 
curve.  In  the  interest  of  conserving  space,  the  point 
(-8.77,0),  which  represents  two  standard  deviations  above 
the  mean,  was  not  plotted.  Also,  since  the  point  represent¬ 
ing  one  standard  deviation  above  the  mean  resulted  in  an 


infinite  solution,  it  is  known  that  any  point  beyond  one 
standard  deviation  would  produce  an  identical  result  given 
the  failure  curve  for  the  units. 

For  this  study,  in  each  case  in  which  a  new  line 
was  drawn  tangent  to  the  failure  curve  from  a  new  value  for 
C,  the  solution  was  the  same.  In  each  case,  the  estimate 
of  the  optimal  replacement  interval  was  infinite  resulting 
in  a  recommendation  to  operate  the  KT-73  IMU  until  failure. 
Hence,  the  optimal  replacement  interval  is  totally  insensi¬ 
tive  to  changes  in  cost,  C.  Furthermore,  it  should  be  noted 
that  all  ten  values  for  C  contained  in  the  sample  fall  within 
two  standard  deviations  of  the  mean.  This  observation  pro¬ 
vides  a  "feel,"  as  Bergman  states  it,  for  the  confidence  in 
the  estimate  of  the  optimal  replacement  interval. 

Summary 

The  application  and  analysis  of  Bergman's  method  is 
summarized  in  light  of  the  research  question  and  the  two 
secondary  questions.  In  Chapter  III,  a  set  of  criteria  was 
established  so  that  the  degree  to  which  the  research  answers 
these  questions  can  be  evaluated. 

The  research  question  asks  if  Bergman's  method  can 
be  applied  in  determining  an  optimal  maintenance  task 
interval  based  on  the  objective  of  minimizing  total  long-run 
average  cost  per  unit  of  time  using  actual  field  data.  To 
answer  the  question,  the  cost  of  replacement,  the  cost  of 
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failure  and  the  time  from  renewal  to  failure  (cycle)  for  all 
units  in  the  sample,  must  first  be  known. 

The  cost  of  replacement,  CQ,  was  defined  as  the  sum 
of  the  cost  to  repair  a  unit  at  AGMC  and  the  cost  to  trans¬ 
port  a  unit  to  and  from  the  depot.  Data  was  gathered  from 
the  AGMC  Resources  Division  and  the  K051  MDC  for  the  KT-73 
IMU  in  the  form  of  dollar  amounts.  The  cost  of  failure, 

CQ+k,  includes  these  costs  plus  the  additional  cost  of 
trouble-shooting  a  failed  unit.  Data  for  trouble-shooting 
costs  was  also  gathered  from  the  K051  MDC  for  the  KT-73 
IMU  in  the  form  of  dollar  amounts.  No  attempt  was  made  to 
quantify  other  cost  factors,  such  as  Not-Mission-Capable 
time  or  readiness.  Adding  these  costs  to  the  cost  of  failure 
would  have  resulted  in  a  larger  value  for  k  and  a  smaller 
value  for  C.  However,  since  the  interval  for  the  KT-73  IMU 
is  totally  insensitive  to  changes  in  cost,  the  results  would 
have  been  the  same  if  these  additional  costs  had  been  added 
to  k. 

The  times  from  renewal  to  failure  were  taken  as 
Cycle  1  for  all  units  in  the  sample.  The  data  was  gathered 
from  the  G078C  reports  by  serial  number  and  cycle  number. 
Seven  serial  numbers  in  the  original  sample  of  ninety-six 
were  said  to  have  attrited  and  were  removed  from  the  sample 
without  bias,  leaving  eighty-nine  units  for  the  study. 

The  second  set  of  criteria  which  must  be  met  to 
answer  the  research  question  is  to  have  a  large  sample 
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(greater  than  30) .  The  sample  of  eighty-nine  units  meets 
this  criterion. 

The  final  set  of  criteria  concerns  procedures 
necessary  to  apply  Bergman's  method.  If  (1)  the  cost  of 
replacement  can  be  standardized  to  k  units  of  dollars,  (2) 
the  observed  life  times  can  be  scaled  to  Bergman's  TTT-plot, 
(3)  a  graph  of  the  scaled  empirical  life  distribution  can  be 
constructed,  (4)  a  tangent  to  the  failure  curve  with  the 
greatest  slope  passing  through  the  point  plotted  for  replace¬ 
ment  cost  can  be  drawn,  and  (5)  the  index  for  the  optimal 
replacement  interval  can  be  identified  using  Bergman’s 
graphical  technique,  then  the  research  question  can  be 
answered  in  the  affirmative. 

Using  a  FORTRAN  program,  annual  per  unit  averages 
for  the  cost  of  replacement  and  the  additional  cost  of 
failure,  k,  were  computed.  The  cost  of  replacement,  CQ, 
was  then  standardized  to  k  units  of  dollars  by  dividing  CQ 
by  k  to  arrive  at  values  for  C.  The  values  for  C  were  then 
analyzed  for  parameters  and  the  mean  value  of  5.206  used  to 
plot  a  point  representing  (-c,o).  A  line  with  the  greatest 
slope  passing  through  this  point  and  tangent  to  the  failure 
curve  was  drawn  and  the  index  for  the  optimal  replacement 
interval  identified  as  infinite.  Accordingly,  the  recommenda¬ 
tion  based  on  this  study  is  to  operate  the  KT-73  IMU  until 
failure. 


89 


Having  met  all  of  the  criteria  necessary,  the  research 
question  is  answered  in  the  affirmative.  As  explained  in 
Chapter  III,  having  successfully  applied  Bergman's  method 
for  arriving  at  an  optimal  maintenance  task  interval,  the 
reciprocal,  [C(T)]~*,  of  the  objective  function  C(T)  is 
minimized.  The  resultant  solution  is  an  optimal  maintenance 
task  interval  which  balances  the  cost  of  replacement  with 
the  cost  of  failure,  and  results  in  a  minimum  total  long- 
run  average  cost  per  unit  time. 

Secondary  Research  Question  "a"  asks  how  the  optimal 
interval  for  the  units  tested  compares  with  the  current 
interval  for  the  item.  To  answer  this  question,  (1)  the 
current  interval  must  be  known,  (2)  the  distribution  of 
observed  failure  data  must  be  identified,  (3)  the  index  for 
the  optimal  interval  must  be  identified  using  Bergman's 
graphical  technique,  (4)  the  current  and  optimal  intervals 
must  be  compared,  and  (5)  differences,  if  any,  between  the 
two  intervals  must  be  explained  or  reconciled. 

The  KT-73  IMU  is  replaced  upon  failure  and  so  the 
current  task  interval  is  infinite.  The  empirical  life 
distribution  revealed  by  the  TTT-plot  using  field  data  for 
the  units  was  slightly  DFR,  and  the  index  for  the  optimal 
replacement  interval  denoted  an  infinite  interval.  Thus, 
the  current  and  optimal  intervals  are  the  same.  Since  all 
of  the  criteria  for  answering  secondary  Research  Question 
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"a"  were  successfully  met,  the  conclusion  that  the  two 
intervals  are  identical  can  be  asserted. 

Secondary  Research  Question  "b"  asks  how  sensitive 
the  calculated  optimal  interval  is  to  the  uncertainty  of 
cost.  To  answer  this  question,  (1)  the  mean  and  standard 
deviation  for  standardized  cost  values  must  be  identified, 

(2)  a  range  of  values  for  C  above  and  below  the  mean  must 

be  identified  for  use  in  performing  the  sensitivity  analysis, 

(3)  changes  in  the  optimal  index  must  be  identified  based  on 
changes  in  C,  and  (4)  conclusions  about  the  sensitivity  of 
the  optimal  interval  to  uncertainty  in  cost  must  be  drawn 
from  the  analysis. 

The  ten  values  for  cost  of  replacement,  C,  were 
subjected  to  analysis  by  the  SPSS  Condescriptive  computer 
program  to  find  values  for  the  mean  and  standard  deviation. 
Computing  values  for  one  and  two  standard  deviations  above 
and  below  the  mean,  new  lines  were  drawn  through  these 
points  and  tangent  to  the  failure  curve.  The  index  for  the 
optimal  replacement  interval  in  each  case  denoted  an  infinite 
interval.  Hence,  it  was  concluded  that  the  interval  is 
totally  insensitive  to  changes  in  cost,  C. 

Having  successfully  met  all  of  the  criteria,  it  was 
concluded  that  the  optimal  interval  is  totally  insensitive 
to  changes  in  cost. 
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CHAPTER  V 


CONCLUSIONS,  IMPLICATIONS  AND  RECOMMENDATIONS 

In  this  chapter,  the  authors  endeavor  to  place  in 
perspective  the  findings  and  observations  gained  through  the 
demonstration  of  a  simple  graphical  method  for  determining 
optimal  maintenance  task  intervals  using  actual  field  data 
for  equipment  used  in  aircraft.  The  method  is  based  on  a 
control  strategy  which  balances  cost  of  replacement  with  the 
cost  of  failure  resulting  in  a  minimum  total  long-run  average 
cost  per  unit  time.  The  research  conclusions,  implications 
and  recommendations  are  presented  in  the  following  sections. 

Conclusions 

The  research  objective  was  attained  by  answering  the 
following  research  question  and  secondary  questions: 

Research  Question 

Can  Bergman's  graphical  method  be  applied  in  deter¬ 
mining  an  optimal  maintenance  task  interval  based  on  the 
objective  of  minimizing  total  long-run  average  cost  per  unit 
time  using  actual  field  data? 

Bergman's  method  was  successfully  applied  to  a  sample 
of  KT-73  Inertial  Measurement  Units  (IMUs)  used  in  the  Air 
Force  A-7D  aircraft.  The  study  indicated  that  the  component's 
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optimal  replacement  interval  is  an  infinite  one  (operate 
until  failure) .  The  solution  was  found  graphically. 
Bergman's  method  assigns  an  infinite  task  interval  to  any 
component  displaying  an  exponential  failure  distribution  or 
decreasing  failure  rate  (DFR) ;  therefore,  by  definition, 
the  task  interval  could  have  been  specified  once  the  TTT- 
plot  had  been  constructed  and  the  distribution  identified 
as  DFR. 

Secondary  Research  Question  "a" 

How  does  the  calculated  optimal  interval  for  the 
units  tested  compare  with  the  current  interval  for  that 
item? 

The  units  tested  exhibited  a  DFR,  thus,  an  infinite 
task  interval  was  assigned.  The  current  interval  is  also 
infinite.  Comparison  of  the  optimal  and  current  intervals 
show  that  they  are  identical.  Hence,  the  current  interval 
is  optimal. 

Secondary  Research  Question  "b" 

How  sensitive  is  the  calculated  optimal  interval  to 
the  uncertainty  of  cost? 

It  was  demonstrated  in  Chapter  IV  that  a  range  of 
values  for  cost  on  the  order  of  two  standard  deviations 
about  the  mean  caused  no  change  in  the  optimal  replacement 
interval.  Therefore,  it  was  concluded  that  the  optimal 
replacement  interval  is  totally  insensitive  to  changes  in 
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cost.  This  conclusion  could  have  been  reached  without  per¬ 
forming  the  analysis  since,  by  definition,  a  failure  distribu¬ 
tion  which  is  DFR  must  yield  an  infinite  interval. 

The  item  chosen  to  demonstrate  the  graphical 
technique  was  not  ideal  for  use  in  performing  sensitivity 
analysis.  The  authors  were  unable  to  identify  a  unit  of 
equipment  that  would  display  an  increasing  failure  rate  and 
that  was  traceable  by  serial  number.  This  constraint 
severely  limited  demonstrating  the  usefulness  of  sensitivity 
analysis  and  the  ease  in  which  it  can  be  accomplished  using 
Bergman's  method.  However,  the  significant  prospects  that 
are  offered  for  analyzing  the  uncertainty  associated  with 
cost  through  sensitivity  analysis  should  not  be  overlooked. 

Having  answered  the  research  questions,  the  researchers 
conclude  that  the  application  of  Bergman's  graphical  tech¬ 
nique  to  an  IMU  demonstrated  a  viable  method  for  determining 
an  optimal  interval  for  an  item  in  the  Air  Force  inventory. 

It  provides:  (1)  an  easy  way  to  give  sensitivity  analysis 
with  respect  to  the  uncertain  relationship  between  cost  of 
replacement  and  cost  of  failure,  and  (2)  help  in  solving  the 
problem  of  communication  between  the  analyst  and  the  decision 
maker  (9:471)  by  presenting  a  visual  means  for  analyzing 
failure  data  and  by  giving  the  analyst  a  "feel"  for  the 
uncertainties  and  relationships  involved  in  arriving  at  the 
graphical  solution. 
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Implications 

Managerial  Tool 

Bergman's  graphical  method  could  provide  the  item 
manager  with  information  to  better  manage  the  item.  An 
empirical  representation  of  the  item's  failure  distribution 
would  be  known  versus  an  assumed  theoretical  exponential 
failure  distribution.  The  manager's  planning  could  be 
influenced  and  enhanced  significantly  by  better  understand¬ 
ing  the  effects  of  changing  cost  on  item  intervals. 

Opportunistic  Maintenance  Policy 

This  research  was  limited  in  scope  in  that  it 
addresses  optimal  task  intervals  for  individual  components. 
To  achieve  an  optimal  maintenance  policy  for  an  end  item, 
i.e.,  aircraft,  the  intervals  of  all  components  must  be 
effectively  incorporated  into  an  optimal  maintenance 
strategy  for  the  end  item.  It  is  conceivable  to  combine 
optimal  task  intervals,  achieved  through  Bergman's  method, 
with  the  comprehensive  maintenance  strategy  of  an  Oppor¬ 
tunistic  Maintenance  Policy.  Under  such  a  policy,  complex 
end  items,  i.e.,  aircraft,  can  be  considered  so  that 
maintenance  action  taken  on  one  part  is  made  to  depend  on 
the  state  of  the  rest  of  the  system.  The  use  of  such  a 
maintenance  policy  in  conjunction  with  optimal  task  inter¬ 
vals  would  result  in  some  suboptimization  of  task  intervals 
for  the  major  end  item;  however,  the  final  product  would  be 

a  more  effective  maintenance  strategy. 
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Smith  conducted  a  Government-contracted  study  in 
1980  in  which  he  applied  an  opportunistic  maintenance  policy 
to  the  F100PW100  aircraft  engine.  The  F100  engine  is 
currently  maintained  under  an  on-condition  policy,  whereby 
the  engine  is  removed  and  maintenance  is  performed  to  pre¬ 
clude  failure  of  "driving"  items  only  when  required. 

Driving  items  are  items  whose  failures  are  undesirable  due 
to  safety  or  economic  consequences.  Hence,  this  type  of 
policy  disallows  scheduled  maintenance  for  engine  components 
on  a  hard  time  basis  (27:3). 

By  applying  an  opportunistic  policy.  Smith  reasons 
that  maintenance  actions  not  required  at  the  time  of  engine 
removal  (the  opportunity)  can  be  performed  so  as  to  avoid 
future  costs  (27:4).  Using  a  total  engine  life-cycle  cost 
formula,  he  balances  the  marginal  cost  to  replace  an  item 
with  the  marginal  cost  of  failure  for  the  item  and  develops 
optimal  Conditional  Part  Level  (CPL)  screens  conditioned  on 
engine  status  (27:22).  A  simulation  of  the  engine's  twenty- 
year  life  cycle  indicated  substantial  savings,  measured 
primarily  by  a  reduction  in  engine  removals.  One  of  the 
major  weaknesses  in  the  analysis,  according  to  Smith,  regards 
assumptions  in  part  failure  distributions  (27:39). 

Since  one  of  the  keys  to  success  of  thfe  model  is  the 
input  of  valid  cost  and  failure  data,  Bergman's  method  could 
provide  assistance  in  establishing  an  information  storehouse 
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from  which  to  feed  the  opportunistic  maintenance  screening 
process . 


Within  the  context  of  the  Reliability-Centered 
Maintenance  Program,  the  use  of  an  Opportunistic  Mainte¬ 
nance  Policy  for  major  end  items,  based  on  individual 
analyses  of  components  through  Bergman's  method,  might 
better  realize  the  objective  of  the  program  which  is  to 
develop  a  scheduled  maintenance  program  that  will  realize 
the  inherent  reliability  levels  of  complex  equipment  at 
minimum  total  cost. 

Recommendations 

It  was  found  during  the  course  of  this  research  that 
some  areas  were  worthy  of  further  study: 

General 

There  is  much  theory  (see  Chapter  II)  concerning 
optimal  maintenance  policies  used  to  determine  task  intervals 
and  typically  based  on  the  objective  of  finding  the  interval 
which  minimizes  cost.  A  need  exists  to  begin  closing  the 
gap  between  theoretical  and  practical  applications  of 
methodology  to  determine  maintenance  task  intervals. 

The  Air  Force  is  dedicated  to  pursuing  a  means  of 
improving  the  analytical  process  for  determining  scheduled 
maintenance  task  intervals;  therefore,  there  is  a  need  to 
restructure  portions  of  the  data  collection  system  so  it  is 
responsive  to  the  data  needs  of  managers  and,  ultimately. 
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the  analytical  process  brought  about  for  determining  task 
intervals. 

Recommendations  for  Future  Research 

The  amount  of  significant  information  obtainable 
* 

through  the  use  of  Bergman's  method  is  somewhat  dependent 
on  the  failure  distribution  exhibited  by  the  item  under 
study.  This  is  to  say  that  sensitivity  analyses  and  cost 
and  interval  relationships  are  better  demonstrated  by 
Bergman's  method  if  the  item  displays  an  increasing  failure 
rate  versus  an  exponential  failure  distribution  or  decreasing 
failure  rate.  Therefore,  it  is  suggested  that  further 
research  be  conducted  with  Bergman's  graphical  technique 
using  an  item  which  exhibits  an  increasing  failure  rate. 

Any  attempt  to  demonstrate  the  practical  application 
of  theoretical  optimal  maintenance  models  should  be  made 
within  the  context  of  an  existing  maintenance  program.  Only 
under  this  condition  can  the  impact  of  the  test  be  truly 
appreciated  by  an  audience  of  potential  benefactors.  The 
attempt  was  made  in  this  study  to  demonstrate  Bergman's 
method  within  the  context  of  the  RCMP.  However,  in  future 
research  made  within  this  context,  a  different  approach  is 
suggested.  It  is  recommended  that  the  item  used  for  study 
be  selected  and  characterized  in  accordance  with  the  basic 
steps  necessary  to  integrate  items  into  the  RCMP.  Specif¬ 
ically,  the  item  (1)  should  be  identified  as  a  significant 

item,  (2)  should  have  failure  consequences  (cost  of  failure) 
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identified  through  FMEA,  (3)  should  have  a  specific  type  of 
maintenance  task  assigned  to  it,  and  (4)  should  have  a  main¬ 
tenance  task  interval  assigned  to  it. 

Complying  with  these  basic  steps  will  accomplish  the 
following:  (1)  it  will  be  known  that  the  item  for  study 
qualifies  for  RCM  analysis  because  of  its  value  in  terms  of 
safety  and/or  economics,  (2)  specific  failure  consequences 
can  be  identified  and  subsequent  attempts  made  to  quantify 
them  for  purposes  of  the  study,  (3)  it  will  be  known  which 
type  of  maintenance  task  (hard  time,  on-condition,  condition 
monitoring)  has  been  assigned  to  the  item  so  that  an  appro¬ 
priate  methodology  for  selecting  the  interval  can  be  used, 
and  (4)  it  will  be  known  what  task  interval  (finite  or 
infinite)  has  been  assigned  to  the  item  so  that  the  optimality 
of  the  interval  can  be  evaluated  based  on  the  results  of 
the  study.  In  this  way,  conclusions  can  be  made  about  the 
applicability  of  the  method  under  study  as  well  as  about  the 
appropriateness  of  current  intervals. 
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APPENDIX  A 

FUNCTIONAL  DESCRIPTION  AND  INSPECTION  CHECKLIST— 

KT-73  IMU 
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The  purpose  of  this  booklet  le  to  familiarise  the  reader  with 
the  basic  aodes  of  operation  of  the  A?  DflJ.  This  information 
should  be  of  value  in  determining  and  Isolating  malfunctions  of 
the  system. 

It  is  recognised  that  this  is  not  an  in-depth  analysis  of 
system  operation.  This  information  will  be  supplemented  by  on- 
the-job  training  and  technical  assistance  from  the  Logistics 
Support  Engineering  staff. 
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VffiTICAI  G.W.S. 


Ih«  aotor  winding a  of  the  gyro  boro  a  /  0  *  and  /  90  9  20  volt 

p«ak  to  poak  U80  cyclo  signal  appllod  it  all  tines  after  systoa 
turn  on.  This  voltage  is  supplied  by  the  Power  Supply  Board. 

When  the  sequencing  switch  for  Vertical  G.W.S.  is  energised,  a 
signal  to  applied  to  a  relay  driver  on  the  Switching  board.  Bie 
relay  K3  will  couple  an  external  supplied  ground  to  the  Vertical 
gyro  which  energizes  the  wheel. 
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CAGE  HDDS  (A7  IWJ) 


Tha  C«g«  M^d«  la  far  the  purposa  of  aligning  four  giabala  to 
tha  attltuda  of  tha  fix  ad  fraaa  of  tha  platfom.  The  various 
loops  are  standard  servo  loops  amploylng  direct  current  torquers. 

The  Asisnith  pitch  and  outer  roll  sjnehres  e«plo j  2 6  vac.  400  bs 
excitation  fros  an  axtamal  source  while  the  Inner  Roll  pickoff 
excitation  is  a  system  supplied  19*2  KHZ  at  8  vrms.  This  signal 
is  supplied  bj  the  Power  Supply  Board. 

OUTER  ROLL  LOOP  -  The  stators  of  the  outer  roll  Synchro  are 

mechanically  connected  to  the  fixed  Global; 
while  the  iotor  winding  is  essentially  part 
of  the  outer  roll  Global.  The  displaceoeiit 
angle  of  the  rotor  winding  to  the  stator 
winding  (S3)  is  indicated  by  a  voltage.  When 
this  voltage  is  at  a  null  with  the  proper 
phasing  tho  mechanical  position  of  the  gla- 
bal  is  sero  degrees*  The  400  cycle  error  Is 
routed  to  tha  switching  board  to  the  O.R. 

Amp.  The  O.R.  Asp.  deaodulates  the  A.C.  to 
D.C.  Tho  D.C.  signal  is  then  coupled  thru 
tho  fiabal  board.  The  D.C.  then  is  applied 
to  the  O.R.  torquer  (B?)  which  rotates  tho 
O.R.  global  until  it  is  positioned  to  point 
at  which  error  signal  is  nulled.  The  reealn- 
lng  stator  outputs  aro  used  to  display  O.R. 
position  on  tho  Roll  P.A.I.  at  initiation  of 
vertical  isolation. 

PITCH  LOOP  -  The  pitch  Loop  is  similar  to  the  O.R.  channel 

in  as  the  stators  of  (B6)  Pitch  CX  are  physic¬ 
ally  mounted  on  the  O.R.  global  and  the  rotor 
is  on  the  Pitch  Gimbal.  The  400  cycle  error 
signal  is  taken  off  of  S3  and  coupled  through 
the  switching  board  via  relays  to  the  Gimbal 
board.  At  the  Gimbal  board  the  400  cycle 
signal  is  applied  to  a  demodulator  circuit  which 
also  receives  s  400  cycle  reference  signal.  The 
cutrut  is  s  positive  or  negative  D.C.  voltage 
depending  on  the  phase  of  the  error  signal.  The 
*  D.C.  is  apt'lied  to  a  Power  Aap.  and  coupled 
out  to  the  torquer  (B7)  which  drives  the  gimbal 
until  the  error  is  nulled.  Tha  raaaining 
stator  outputs  sea  used  to  displty  Pitch  angle 
on  the  P.A.T.  during  Vrrtical  Isolation. 
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Inner  F-cl!  leap  -  The  I.?..  Lenp  differ*  from  the  O.R.  ar.d  Pitch 
only  in  the  rxei*  alien  ura-i  en  the  pick  off 
which  is  B  vras.  29.2  kba.  Tha  pick  off  wir.6» 
inr  is  anuntod  oa  the  piteh  giahal  and  the  rotor 
is  posit icr.ed  the  I.R.  giabs.2  itself.  The 
error  ilpad  froa  34  is  routed  through  the 
c-witching  hoard  and  3 ant  to  the  Giabal  board* 

Tbe  signal  is  then  applied  to  deaodalator  which 
has  a  fixed  reference  signal  of  29.2  kha.  Tbe 
£  3.C.  lerel  is  then  sspllflod  by  the  Power  Aap. 
and  applied  to  tbe  l.H.  torquec*  25  which  drive* 
the  I.R.  giabal  until  the  error  sigral  Is  nulled. 

Aslant h  loop  —  Tbe  Aaiaotb  Loop  differs  Free  the  previously 

described  loop*  la  es  It  usee  as  external  ref— 
erecce  for  its  positioning.  The  Aalsuth  Cl  Is 
positioned  so  that  when  the  rotor  and  t ho  stator 
(51)  are  parallel  to  the  I  Axis  of  the  fries  of 
reference  the  out pet  represent  Zero  decrees* 

The  error  eirsal  fro ■  the  stators  nf  B2  is  routed 
out  of  the  DC  and  applied  to  a  synchronous  trans¬ 
ferase-.  Ia  tbs  test  equipment  tbe  rotor  of  the 
C.T.  ia  asc basically  positioned  to  the  desired 
Aalsuth  an*la.  The  staler  outputs  represents 
this  angle  and  Is  applied  to  the  transforaer. 

Tbe  output  of  the  traesforsaer  is  the  difference 
of  the  two  inputs.  Tbe  error  signal  is  than 
simplified  and  applied  to  the  Asiscth  channel 
on  the  G label  hoard.  There  the  eisaal  is  dsaod* 
uleted  and  mv Ilf led.  The  *  P.C.  is  spoiled  to 
the  Aslant  h  terqosr  33*  The  Aaiaoth  giabal  is 
driving  until  the  error  signal  out  of  tbe  test 
equlposBt  is  soiled.  The  stator  outputs  of  32 
are  also  used  to  drive  the  Axisutb  ?AI. 

The  various  relay#  on  tbe  switching  and  G label  Vostrds  which  are 
used  for  signal  routing  during  tbe  Cage  Hods  are  energised  by  logic 
-irruits  on  the  switching  board.  The  logic  circuits  are  initiated 
fay  the  sequencing  switches  on  tbe  test  equipsent. 
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VERTICAL  ISOLATION 


In  this  mode  of  operation  there  are  actually  two  phases*  Tbs 
first  being  Low  Cain  and  the  second,  Normal  Gain.  The  only 
difference  in  the  two  phases  is  the  input  resistance  to  the 
demodulators  in  the  Inner  Roll  and  Pitch  channels.  These 
resistors  are  large  during  Low  Gain  and  smaller  during  Normal 
Gain. 

The  purpose  of  Vertical  Isolation  is  to  cage  the  Inner  Roll, 
Pitch  and  Cuter  Roll  gimbals  to  the  pick  offs  of  the  Vertical 
Gyro  rather  than  to  the  synchros  as  in  the  Cage  Mode.  The 
circuit  operation  is  as  follows: 

The  outputs  of  the  Vertical  Gyro  referred  to  as  *1"  axis  pick 
off  and  "T"  axis  pick  off  are  amplified  in  the  Gyro  electronics 
board  and  applied  to  the  rotor  windings  of  the  coordinate  res* 
olver  (51).  The  rotor  of  EQ.  is  mechanically  position*'!  at  the 
function  of  the  Azimuth  glsbal.  The  stators  position  is  fixed 
due  to  the  fact  that  they  are  physically  attached  to  the  Inner 
Roll  Cap  in  which  the  cluster  is  housed.  The  rotor  windings 
R1  and  R2  and  stator  windings  SI  and  52  are  displaced  from 
each  other  by  90  degrees.  Refer  to  tho  figuro  below. 


I* 

P/Tctt 


When  the  Azimuth  is  positioned  to  zero  degrees  and  the  Platform 
is  aligned  along  the  X  axis  frame  of  reference  the  rotor  R1  and 
the  stator  SI  are  both  aligned  to  zero  degrees.  Atthis  time 
the  "XH  pick  off  is  applied  to  R1  and  induced  into  the  S2  wind¬ 
ing.  If  the  Azimuth  or  the  Flatforn  is  repositioned  to  an  angle 
of  90  or  270  degrees  the  voltage  applied  to  R1  would  be  induced 
in  the  S2  winding  end  any  voltage  on  R2  would  be  coupled  to  SI. 


106 


-2- 


»• 


The  signal  representing  "I"  udi  pick  off  which  isApplled  to' 
R1  and  Induced  Into  SI  la  applied  to  the  Inner  Roll  channel  on 
the  Glabal  board.  The  signal  Is  demodulated,  amplified  and 
applied  to  the  Inner  Roll  torquer. 

At  this  tlae,  the  Outer  Roll  glabal,  which  was  caged  to  Its 
own  synchro  output.  Is  caged  to  the  output  of  the  Inner  Roll 
pick  off.  The  I.R.  pick  off  signal  is  coupled  to  the  Oxter 
Roll  Amp.  on  the  Switching  board.  The  reference  input  is 
switched  from  400  HZ  to  19 .2  KHZ  by  circuits  on  the  Switching 
board.  The  output  froa  the  O.R.  Asp.  is  sent  through  the 
Giabal  board  and  applied  to  the  Outer  Roll  torquer  B9 •  The 
outputs  of  the  O.R.  CX  (B8)  are  used  to  display  position  on 
the  Roll  P.A.I. 

The  "T"  pick  off  signal  is  applied  to  R2  of  B1  coupled  to  S2 
and  applied  to  the  Pitch  channel  on  the  Giabal  board.  At  this 
tlae  the  roference  input  to  the  demodulator  is  switched  from 
400  HZ  to  19.2  KHZ  by  circuits  on  the  Switching  board.  The 
signal  is  demodulated,  amplified  and  applied  to  the  Pitch 
torquer  B7.  The  outputs  of  the  Pitch  CX  (86)  are  used  to  dis¬ 
play  position  on  the  Pitch  P.A.I. 

The  Azimuth  loop  remains  asit  was  in  Cage  Mode.  The  various 
relays  cn  the  Gimbal  and  Switching  boards  are  driven  by  inputs 
to  the  Switching  board  froa  the  sequencing  switches  on  the 
test  console. 
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AZIMUTH  O.W.S. 

The  operation  of  /.siwnth  G.W.S  is  identical  to  Vertical 
G.W.S.  except  that  the  switching  of  tha  ground  is  perforaed  by 
relay  K8. 


See  Vertical  G.W.S.  signal  flow  print 


AZIMUTH  ifeoLATIJW 


This  mode  consists  of  two  phases  of  opsrstlon.  lbs  first 
being,  caging  of  tbs  Azimuth  global  to  tbs  Z  Axis  pick  off  of 
tbs  Asimuth  gyro.  Tbs  "Z”  pick  off  is  applied  to  tbs  Gyro  El- 
slsctronics  board  wbsrs  it  is  amplified  to  a  useful  output  Irrsl 
and  then  is  sent  to  tbs  Aximuth  channel  of  tbs  Gisbal  board, 
lbs  signal  is  coupled  through  a  1  asgoha  resistor  by  the  action 
of  rolay  X10  and  through  the  contacts  of  K 6  to  the  demodulator 
stags.  The  reference  input  is  switched  during  this  mode  of 
operation  fron  UDD  HZ  to  19.2  KHZ  by  the  Switching  board.  The 
eD.C  output  is  applied  to  the  amplifier  section  and  applied 
to  the  Axiauth  torquer  (B3). 

The  second  phase  consists  of  two  separate  actions;  switching 
to  high  gain  in  the  axiauth  channel  at  and  the  caging  of  the 
Redundant  loop  to  its  own  pick  off. 

High  gain  switching  of  the  Axiauth  channel  is  accompllshdd 
by  the  energising  of  relay  IQ.0.  The  contacts  of  K10  will 
Insert  a  30K  ohm  resistor  in  place  of  the  1  mebohm  resistor 
thus  increasing  gain  of  the  Stage. 

The  output  of  the  Redundant  axis  of  the  Axiauth  Gyro  is  ampli¬ 
fied,  demodulated  and  amplified  again  and  applied  to  the  red¬ 
undant  torquer.  The  circuit  is  completed  by  the  action  of  relay 
K2  on  the  Switching  board  which  places  the  other  side  of  the 
torquer  to  greudd. 
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COURSE  LEVEL 


The  purpoas  of  this  sode  of  operation  Is  to  level  the  double 
axis  acceleroaeter  so  that  the  two  axis  are  perpendicular  to 
the  gravity  vector.  Since  both  channels  are  effectively 
Identical)  only  the  "X"  axis  will  be  discussed. 

Following  the  previously  discussed  nodes  of  operations  the 
aeeeleroneters,  particularly  the  double  axls(  will  not  be 
perfectly  level  to  the  earth  and  there  will  be  an  output 
representing  this  alsallgnnent.  The  output  signal  which  is 
1?.2  KHZ  Is  aaellfied  by  pre-saps  located  on  the  D/A.  The 
signal  Is  then  sent  to  the  restoring  anp.  on  the  acceleroaeter 
Electronics  board.  The  output  is  e  +  D.C.  representing  the 
account  cf  off  lerel.  The  D.C.  signal  is  applied  through  the 
torquer  coil  and  routed  to  a  Junction  point.  Also  tied  to 
the  junction  point  Is  a  D.C.  level  which  is  used  to  null  out 
the  aaount  of  error  signal  which  is  due  to  nasa  unbalance  of 
the  acceleroaeter.  This  voltage  is  supplied  by  the  resistor 
n-twcrk  R32  anc  F.33  rn  the  Compensation  Board. 

The  D.C.  signal  is  applied  to  the  Power  Supply  Board  and 
through  relay  KZ  to  the  rX"  Coarse  Level  aap.  The  aapllfied 
signal  is  then  sent  to  the  Pitching  board.  On  this  board 
the  relay  K1C  s*rv*s  a  function  of  increasing  or  decreasing 
the  gain  of  the  signal.  Dabinc  Back-up  level  the  3.4K 
resict-r  is  inserted  ir.tr  the  circuit  to  lower  the  gain.  In 
Coarse  Level  the  relay  is  as  above.  The  output  of  the  Switch¬ 
ing  board  1?  s»nt  back  to  the  Cospensatlon  board)  through  R18 
and  519  add  applied  to  the  T  axis  torquer  of  the  Vertical 
Gyro.  This  rlcnal  will  process  the  gyro  wheel  causing  an 
eutput  on  the  "T"  pick  cff.  The  pick  off  signal  la  then 
amilfied  and  applied  to  the  rotor  winding  of  the  coordinate 
Resolver  (31).  At  this  tine  if  the  Platform  is  aligned  along 
the  "X"  axis  and  the  heading  is  tero  decrees,  the  signal  will 
b«  coupled  into  the  stater  winding  which  feeds  the  Pitch 
channel  of  the  Glabal  board.  As  the  Plti*-h  global  is  rotated 
the  output  of  the  "X"  axis  accelerometer  will  diminish.  The 
Pitch  pirbel  will  continue  to  torque  until  the  output  of  the 
accelerometer  is  nulled  -ut. 

The  "V  axis  error  signal  will  cause  torque  to  be  applied  to 
the  mXm  axis  of  the  Vertical  Gyro  who's  output  will  cause  the 
Inner  Roll  gimbil  to  be  rotated  until  the  etror  signal  is 
nulled. 
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ALIGN  NORMAL 


r  0 


In  this  node  of  operation  the  Platfom  is  free  to  drift  with 
Eerth  Rite.  At  tide  present  oosltlon  of  Ledltude  the  drift 
rate  about  the  I  axle  le  11. 519  DBG/HR.  and  the  drift  rate 
about  the  JEz  Z  axle  is  9^672 DBG/HR.  This  drift  vill  appear  aa 
aoveaent  on  the  Roll  and  Asiauth  API's  respectively* 

There  are  certain  corrections  in  respect  to  the  Gyro flex  that 
are  taken  into  consideration  at  this  tine.  All  gyros  exhibit 
drift  characteristics  add  there  are  two  classifications  of 
drift.  The  first  is  referred  to  as  "randon  drift"  add  is  net 
acceptable  for  use  in  an  IMU.  The  second  is  "fixed  drift". 

The  rate  of  drift  is  measurable  and  can  be  compensated  for. 

There  are  two  other  characteristics  of  the  Gyroflex  to  be 
accounted  And  corrected  for.  They  are  both  due  to  the  actual 
construction  of  the  wheel  assembly  of  the  gyro  and  will  not 
be  discussed  in  detail. 

Both  the  X  and  I  axis  of  the  Vertical  Gyro  and  the  Zaxls  of 
the  Aalnuth  will  have  in  their  pick-off  signal  a  volgage  which 
is  due  to  Tin  phase"  error,  also  referred  to  as  Spring  Rates. 

Located  on  the  Compensation  Board  are  Aaplified/Denodulator 
stages  and  "select  during  test"  resistors’  which  are  used  to 
null  out  the  "In  phase"  error. 

The  other  type  of  error  is  referred  to  as  quadrature.  Dus  to 

the  "torque  about  -  process  about"  principle  of  gyros, this 

signal  is  applied  to  the  axis  90  degrees  displaced  froa  where 

the  error  is  detected.  In  txm  other  words,  if  the  quadrature  error 

is  taken  off  the  X  axis  pick-off  it  is  applied  to  the  I  axis 

torquer. 

• 

The  fixed  drift  mentioned  previously  is  conpensated  by  apply¬ 
ing  a  voltage  to  the  X,T  and  Z  torquer a,  which  vill  cause 
noveaent  that  is  equal  but  opposite  the  drift,  there  fore, 
eliminating  the  affect  of  drift.  This  voltage  is  Inserted 
into  the  circuit  by  RIO,  Rll  and  R12.  The  pots  are  also  ref¬ 
erred  to  as  Restraints. 
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ALIGN  NORM AL  (FAST  SLAVE) 


In  fast  slave  node  the  Aziauth,  Pitch  end  Roll  gjabal  poaition 
la  detensined  by  the  angular  dlaplacenent  of  their  respective 
API' a.  Asthe  API  poaition  la  changed  a  algnal  la  applied  to 
the  proper  gyro  torquer  eauaing  the  ginhal  to  be  repositioned. 

The  algnal  floe  for  Feat  Slave  la  aa  foil ova : 

AZIMUTH  -  A  demodulated  algnal  repreaentlng  Azimuth  PAI  posi¬ 
tion  la  coupled  acroas  the  eontaeta  of  relay  K15  on 
the  Switching  Board  and  la  applied  through  reelstors 
R22  and  R23  on  the  Compensation  Board.  Thla  D.C. 
signal  la  applied  to  the  Z  torquer.  The  other  aide 
of  the  torquer  la  tied  to  ground  via  the  Switching 
Board  fron  an  external  source.  The  resultant  Z 
pick  off  la  amplified  In  the  Gyro  Electronics  Board 
and  applied  to  the  Azimuth  channel  of  the  Giabal 
B-ard.  The  output  of  the  Giabal  Board  la  applied 
to  the  Azimuth  Torquer  which  causes  the  Azimuth  CS 
output  to  change.  When  the  Azlouth  CZ  position 
output  is  equal  to  the  PAI* a  poaition  the  error 
signal  applied  to  the  Z  tobquer  drops  to  aero  and 
the  Cluster. stops  driving. 

The  operation  of  the  Pitch  and  Roll  Giobals  during  Feat  Slave  is 
Identical  except  the  error  signals  are  applied  directly  froo 
the  PAI's  to  the  X  and  T  gyro  torquers. 


ALIGN  NORMAL  fSTJM) 

Thla  mode  of  operation  is  identical  to  Fact  Slave  except  the 
Asisnth,  Pitch  end  Roll  Gimbals  ere  not  repositioned  by  an 
error  signal  froa  the  API's  but  rather  hy  a  ♦  15  vdc  signal 
froa  the  Switching  Board* 

Che  selection  of  which  Global  is  slewed  and  in  what  direction 
is  controlled  by  switches  on  the  test  equipaent.  Since  the 
Method  of  slewing  all  three  of  the  Giabals  are  somewhat  tat  idea* 
tical  only  the  Pitch  will  be  explained! 

When  T  Slew  is  selected  relay  Oh  is  de-energised  by  the  sig 
nal  applied  to  220  on  the  Switching  Board*  Ibis  ties  the 
eontacts  of  K14  to  the  Contacts  of  Q2.  Depending  upon  if 
£L2  is  energised  or  not  a  +  15  vdc  signal  is  applied  to  the 
X  torquer  via  the  Coapenaation  Board*  The  X  pick  off  signal 
is  amplified  and  applied  to  the  coordinate  resolver  and  sent 
to  the  Pitch  channel  on  the  Global  board.  The  signal  is'  app¬ 
lied  to  the  Pitch  Torquer  Relay  02  determines  direction  of 
Slew. 

extent 
-  15  vdc 
action  of 


The  Asinuth  Slew  differs  from  Pitch  and  Roll  to  the 
that  the  Z  torquer  has  a  +  15  vdc  on  one  side  and  a 
on  the  other.  These  polarities  are  reversed  by  the 
K9  when  actuated  by  the  polarity  swithh  on  the  T/E. 
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DIGITAL  LEVEL 

This  is  the  node  of  operetlon  where  the  systea  is  refined* 

That  it  to  sa y  that  we  went  to  perfectly  level  the  eye  tea 
In  respect  to  the  earth's  surface  and  Insure  that  the  systea 
is  pointed  exactly  north. 

This  is  aecojqollshed  in  the  following  Banner*  The  X,  I  and  1 
accelerometer  signals  are  applied  to  the  CAPRI  Board  where 
they  ereintegrated  into  XfT  and  2  velocity  signals.  These 
signals  are  displayed  on  the  CAPRI  counters.  The  X  and  X 
CAPRI  signals  are  also  applied  through  the  Digital  Level  Con¬ 
trol  Module  to  the  Gypto  Control  Module.  The  X  CAPRI  signal 
Is  converted  to  pulses  and  Is  applied  aa  I  GTpton  pulses  to 
the  Switching  Board.  The  Switching  Board  circuitry  changes 
the  one  signal  into  two  signals  180  apart.  The  two  signals 
representing  T  Gypto  are  applied  to  a  push-pull  circuit  on 
the  Gyro  Electronics  Board  and  the  T  Bias  torquer.  This 
signal  will  null  out  any  off  level  condition  of  the  X  accel¬ 
erometer. 

The  X  Gypto  circuitry  is  identical  to  the  I  Gypto  sxcept  t 
for  the  anount  of  pulses  that  the  X  Gypto  puts  out.  Arfx  As  dis¬ 
cussed  previously,  the  X  axis  of  the  V  rtical  Gyro  if  not  cor¬ 
rected  would  appear  to  drift  with  Earth's  Rate.  In  Digital 
Level  the  output  of  the  Y  accelerometer  is  due  to  the  Earth's 
Rata  on  the  X  axis  Gyro.  The  false  acceleration  signal  is  Integ¬ 
rated  in  the  CAPRI  Eoard  and  converted  to  pulses  to  be  applied 
tn  the  X  bias  torquar.  The  amount  of  pulses  required  to  keep 
the  Y  axis  of  the  D/A  accelerometer  perfectly  level  with  the 
Earth's  surface  is  the  Earth's  Rate  correction  signal  for  the 
X  axis  Gyro. 

The  Z  Gypto  circuit  is  used  to  null  out  the  effect  of  Earth's 
Rate  about  the  Z  axis.  To  supply  the  correct  signal  for  the 
Azimuth  Gyro  the  output  of  the  Azimuth  CX  is  used.  As  the  Z 
axis  starts  to  drift,  the  Azimuth  CX  output  changes  to  indic¬ 
ate  this  apparent  procession.  The  signal  is  applied  to  the 
"Z"  VC3  Module  where  the  hOD  ops  signal  1;  converted  into 
digital  pulses.  This  signal  is  applied  through  the  Test  Equip¬ 
ment  tt-  the  Z  Gypto  circuitry  on  the  Switching  Board  and 
finally  to  the  Z  Bias  torquer.  The  torqulng  signal  is  used 
to  drive  the  7-  aris  of  the  Azimuth  Gyro  in  a  direction  which 
is  equal  but  epposite  th*>  drift  rate.. 
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BASIC  STABLE  PLATFORM 


Gunbal  Torqucr  DOWN 


VERTICAL  GYRO  SPIN  AXIS  h 
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TABLE  XIII 

AUTOMATIC  IMS  TESTING  FAIL  NUMBERS 


INDICATED  FAULT 

IMS  failed  and/or  IMS  System  ready  not  indicated 

IMS  ground  align  mode  not  indicated 

IMS  self  contained  analog  level  incorrect 

IMS  r.elf  contained  hdg  loop  initialization  incorrect 

(Mag  Vac  difference  of  10°  not  indicated) 

Accelerometer  X  and  Y  null  bias  0  vertical  accel. 

1 "G"  bias  not  within  prescribed  limits: 

X  accel/C  A  F9 1  high  gain  null  bias  out  of  tolerance 

Y  accel/CAPSI  high  gain  null  bias  out  of  toletance 
x  accel/CAPPI  low  gain  null  bias  out  of 

tolerance 

Y  accel/CAPSI  low  gain  null  bias  out  of 
tolerance 

Z  accel/CAPPI  1 "G "  bias  out  of  tolerance 
X  and/or  Y  accel/CAPRI  low  gain  output  saturated 

Continuous  platform  slew  condition: 

Continuous  platform  slew  in  X  and/or  Y  axes 
Continuous  platform  slew  in  azimuth  axis 

IMS  not  under  computer  control: 

No  response  to  positive  X  C  Y  slew  commands 
(X  C  Y  accel  measurements) 

No  response  to  positive  Az  slew  commands  (Az 
synchro  measurement) 

No  response  to  positive  Az  slew  commands  (mag 
hdg  synchro  measurement s) 

Y  slew  sense  malfunction  (slews  in  one  direction 
only) 

X  slew  sense  malfunction  (slews  in  one  direction 
only) 

Continuous  computer  control 

Azimuth  slew  function  malfunctions  and/or  hdg 

synchro  signals  invalid: 

Positive  Az  slew  malfunction 
t.u  .to  negative  AZ  slew  commands  (Az 

synchro  .  e  inurement ) 

:o  itspcr.re  to  negative  Az  slew  commands  (mag  big 
synchro  measurement) 

Negative  Az  slew  malfunction 
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TABLE  XXII  (Continued) 


BASIC 

TEST 

FAIL 

• 

INDICATED  FAULT 

DS  i  • 

SEC 

Mpif 

23 

Mag  hdg  synchro  invalid 

2» 

Ho  Az  slew  function 

26 

Azimuth  slew  sense  malfunction  (slew  in  one 

■■ 

direction  only) 

2b 

Malfunction  of  auto  reversion  to  and/or  operation  of 

ti.ickuf  grid  mode  (plat  hdg  «  mag  hdg) 

j 

J1 

Far.t  maqnetic  heading  update  malfunction: 

2“ 

Fast  mag  hdg  update  response  rates  not  indicated 

(plat  Az  synchro  measurement) 

m 

Fast  mag  hdg  update  response  rates  not  indicated 

(mag  hdg  synchro  measurement) 

K 

Jtt 

Malfunction  of  auto  reversion  to  and/or  opera' ion  of 

backup  mag  slave  mode  (land  only): 

J2 

Response  rates  not  proper  for  mag  slave  mode 

(plat  Az  synchro  measurement) 

2  3 

Response  rates  not  proper  for  mag  slave  mode 

(mag  hdg  synchro  measurement) 

L 

Malfunction  of  X  6  Y  slew  functions  and/or 

acc^l/CAPHl  signals  and/or  roll  6  pitch  attitude 

siqnals: 

(r. 

Improper  response  to  ♦  X  slew  commando  (roll 

synchro  measurement) 

id 

Improper  response  to  ♦  T  slew  commands  (pi'ch 

synchro  measurement) 

(7 

Improper  response  to  ♦  T  slew  commands  (X  low 

qain  accelerometer  measurement) 

30 

Improper  response  to  ♦  X  slew  commands  (Y  low 

gain  accelerometer  measurempn') 

iq 

Improper  response  to  ♦  Y  slew  commando  (X  high 

qain  accelerometer  measurement) 

Improper  response  to  ♦  X  slew  commands  (Y  high 

qain  accelerometer  measurement 

(.1 

Positive  X  slew  malfunction 

a  2 

Positive  Y  slew  malfunction 

u3 

Improper  response  to  -X  slew  commands  (roll 

synchro  measurement) 

44 

Improper  response  to  -Y  slew  commands  (pitch 

synchro  measurement) 

a5 

Improper  response  to  -Y  slew  commands  (X  low 

gain  accelerometer  measurement) 

a  6 

Improper  response  to  -X  slew  commando  (Y  lew 

gain  accelerometer  measurement) 

a  7 

Improper  response  to  -Y  slew  commands  (X  nigh 

qain  accelerometer  measurement) 

1 
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NEE 8  INC  DEPARTMENT  SPECIFICATION 


TABLE  XIII  (Continued) 


PASIC 

TEST 

INDICATED  FAULT 

imn 

m 

m 

Improper  response  to  *X  slew  commands  (Y  high 

gain  accelerometer  measurement) 

4  » 

Negative  X  slew  malfunction 

50 

Negative  Y  slew  malfunction 

n 

Positive  Y  accel/CAPRI  malfunction 

5 2 

Neqavive  Y  accel/CAPFI  malfunction 

S3 

Y  accel/CAPPI  malfunction 

5U 

Negative  X  accel/CAPRI  malfunction 

55 

Positive  X  accel/CAPSI  malfunction 

56 

X  accel/C APPI  malfunction 

57 

Accelerometer  scale  factor  change  function 

mal funct ion 

50 

Roll  synchro  invalid 

59 

Pitch  synchro  invalid 

60 

No  X  slew  response 

61 

No  Y  slew  response 

M 

Gyro  diqital  torgumg  function  malfunctions: 

62 

G Y PTO  clock  line  malfunction  (open/short) 

63 

Positive  Y  torque  malfunction 

6<* 

Negative  x  torque  malfunction 

65 

Negative  Y  torque  malfunction 

66 

Positive  X  torque  malfunction 

67 

Positive  torque  malfunction 

68 

Negative  Ax  torque  malfunction 

N 

1 

Vertical  accel/CAPRI  malfunction 

•Primary  fail  nunlors  underlined  are  critical  failures  which 
discontinue  testing. 
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APPENDIX  B 

G078C  REPORTS  -  "AIRCRAFT  LISTING" 

AND  "FIELD  OPERATING  HOURS  (FOH)  BY  CYCLE  -  QUARTERLY" 
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Explanation.  The  appendix  contains  extracts  from  the 
"Aircraft  Listing"  and  "Field  Operating  Hours  (FOH)  by 
Cycle  -  Quarterly"  G078C  reports.  The  listings  are  prepared 
by  unit  serial  number  (second  column)  and  cycle  number 
(first  column) .  Failure  data  for  units  in  the  sample  were 
taken  by  serial  number  for  Cycle  1  (underlined  entries) . 
Actual  times  to  failure  (hours)  were  taken  from  the  column 
labeled  "ETI  IN,"  the  elapsed  time  indicator  reading. 
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Explanation.  The  appendix  contains  extracts  from  the  K051 
Logistic  Support  Cost  Breakdown  for  the  A-7D  MDS  and  WUC 
73FAO  (first  column) .  The  cost  data  (presented  in  dollars) 
represent  quarterly  totals  for  the  quarter  indicated  by  the 
"as  of"  date  in  the  top  left  corner  of  each  page.  The  data 
for  trouble-shooting  costs  were  found  by  locating  the  WUC 
73FAO  in  column  1,  verified  by  the  noun  "Unit  Inertial  M" 
in  column  2,  and  looking  under  the  column  labeled  "Field 
Maint."  Transportation  costs  were  found  in  the  same  way 
under  the  column  labeled  "Pack-Ship  Cost."  The  entries 
used  are  identified  by  an  "X"  in  the  left-hand  margin  of  each 
page. 
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STSTIN  A0070  OCALC  LOGISTIC  SUPPORT  COST  BREAKDOWN  RCS  lOG-MNO(Q)7213(3)  K'ji-I.PNAL 

AfN  65-110/66*1  DATA  AS  Of  76  DEC  •  CURRENT  QUARTER  COMPUTATION  DATE  PROCESSED 
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WEAPON  S1STEM  *0070  OCAIC  LOGISTIC  SUPPORT  COST  BREAKDOWN  RCS  IQ6-HN0(Q)?213(3>  K051 .PN4L 

AfM  65-110/46*1  DATA  AS  Of  76  SEP  CURRENT  QUARTER  COMPUTATION  DATE  PROCESSED 
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